




ASSESSING PARTICULATE MATTER AND BLACK CARBON 
EMISSIONS FROM HOMES USING TRADITIONAL AND 
ALTERNATIVE COOKSTOVES IN RURAL NEPAL 
 
by 
Sutyajeet I. Soneja 
 
 
A dissertation submitted to Johns Hopkins University in conformity with the 










© 2013 Sutyajeet I. Soneja 











Billions of people throughout the developing world use traditional cookstoves fueled 
with biomass (such as wood, dried animal manure, and crop residue). Inefficient 
combustion of biomass results in the formation of large amounts of particulate matter 
(PM) air pollution. Light reflecting black carbon is a significant component of this PM. 
Black carbon is considered a short-term climate agent with an average atmospheric 
residence time on the order of days to weeks, compared to some greenhouse gases that 
can have an atmospheric residence time of years to centuries. In addition to having an 
effect on regional hydrological cycles, black carbon deposition on glaciers, sea, or land 
ice causes a decrease in surface albedo, thus resulting in an acceleration of the melting 
process. The Himalayas, an area containing the largest snow and ice mass outside the 
North and South Poles, are vulnerable to black carbon deposition from highly prevalent 
biomass cooking in surrounding countries. Deposition of black carbon from air 
pollution has the potential to impact the availability of glaciers in this region, which act 
as a water source for close to a billion people throughout South and East Asia. As a 
result, due to the larger population, biomass for cooking in South Central Asia has the 
potential to impact climate change on a local and global scale.   
It is believed that a large majority of black carbon production in South Asia is a 
result of cooking with biomass fuels. However, biomass cooking is not the only source 
of black carbon. Mobile (diesel vehicles) and stationary (brick kilns) sources can also be 
significant emitters. This study estimates black carbon emissions associated with 
traditional and alternative cookstoves at the household level. This study can be further 
separated into three main components. 
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The first component is a methods paper focusing on improved quality control for a 
commonly used particulate matter sampling method. Great uncertainty exists around 
indoor biomass burning exposure-disease relationships due to lack of detailed exposure 
data in large health outcome studies. Passive nephelometers can be used to estimate high 
particulate matter (PM) concentrations during cooking in low resource environments. 
Nephelometric concentration readings can be biased due to particle growth in high 
humid environments and differences in compositional and size dependent aerosol light 
scattering characteristics. Chapter 2 explores relative humidity (RH) and gravimetric 
equivalency adjustment approaches for the pDR-1000, which is used to assess indoor 
PM concentrations for a cookstove intervention trial in Nepal. Furthermore, new 
integrated RH and gravimetric conversion methods are presented because they have one 
response variable (gravimetric PM2.5 concentration), do not contain an RH threshold, 
and are more straightforward than previously proposed approaches. 
The second component focuses on characterizing the amount of particulate matter 
and black carbon that exit the house during the use of traditional, open-design 
cookstoves in village homes. Cookstove emissions create indoor exposures and 
contribute to ambient air pollution through passive exchanges between indoor and 
outdoor air (indirect venting) and direct venting (i.e., chimney) to the outdoors. A 
fraction of PM produced during cooking will settle and deposit on indoor surfaces as 
well as in cracks within the walls of the house, while the rest will escape to the outdoor 
environment (known as exfiltration). Currently, there is a poor understanding of how 
much cooking-related PM exfiltrates to the outdoor environment. Chapter 3 presents air 
exchange rates and PM exfiltration estimates from homes in rural Nepal that utilize 
traditional, open-design cookstoves. Estimates of variability are provided for exfiltration 
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as a function of housing and fuel characteristics in a real-world setting. Furthermore, this 
chapter assesses the black carbon to PM2.5 ratio produced by biomass cooking in order 
to estimate black carbon exfiltration from homes. In combination with an assessment of 
indoor PM concentrations, PM and black carbon exfiltration fractions can be used to 
estimate house emissions to ambient air in order to better assess regional air quality and 
climate change impacts. 
The third component (Chapter 4) extends upon this work by presenting exfiltration 
estimates of PM that exit to the outdoors via the combined route of indirect (natural) 
and direct (chimney) ventilation for alternative cookstoves being studied in a large, 
cookstove intervention trial in rural Nepal. Characterizing these exfiltration pathways 
allows for homes to be treated as a source, hence aggregating variability related to stove 
emissions. 
Future work will utilize estimated black carbon emissions in combination with 
estimates of cookstove use and cooking pattern estimates to serve as inputs for spatial 
regression modeling that will allow for the prediction of ground level black carbon 
concentrations across much of Northern India and Southern Nepal (the Indo-Gangetic 
Plain). Since a large fraction of the world’s biomass cookstove users are in South Central 
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The research presented in this dissertation focuses on the topics of air pollution and 
climate change in what is one of the most heavily inhabited and climate sensitive regions in 
the world. Specifically, an examination is conducted into the importance of cooking with 
solid fuels in a rural population and how emissions from traditional and alternative methods 
contribute to climate change. The work conducted for this dissertation is intended to 
contribute to the overall body of knowledge regarding exposure assessment and climate 
change emissions as a result of cooking within a low-income country. The following sections 
review why the climate change agent black carbon is important, how it relates to cooking 
with biomass fuels, and gaps in our knowledge. 
 
Black Carbon: Overview and Importance 
Black carbon is a component of particulate matter (PM) produced during incomplete 
combustion1. Sources include power plants, industrial facilities, cars and trucks, forest and 
wild fires, as well as residential biomass fuels (i.e., wood, dried animal manure, or crop 
residue) used for cooking and heating1. During incomplete combustion not all carbon is 
converted to CO2. Depending on source and combustion characteristics, various amounts of 
carbon monoxide (CO), volatile organic compounds (VOCs), semi-volatile organic 
compounds (sVOCs), organic carbon (OC) and black carbon (BC) are formed2. The term 
“black” refers to the fact that these particles absorb visible light. This absorption can be 
exploited for measurement purposes (i.e., measure the light reflectance from a filter-collected 
air sample). More importantly, the light absorbance can lead to changes in global energy 
balance and eventually to warming2. Black carbon is considered a short-lived climate-forcing 
agent, with an average residence time in the atmosphere of a few days to weeks compared to 
CO2 or other greenhouse gases that can range from years to centuries
3,4. 
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Black carbon can alter the environment in two ways. First, suspended particles in the sky 
absorb sunlight, thereby causing the atmosphere to warm1. Black carbon is the leading 
anthropogenic absorber of incident solar radiation in the atmosphere, being approximately 1 
million times stronger than CO2 per unit of mass
3. Conversely, this also causes less sunlight 
to reach the Earth’s surface (referred to as dimming). There is reasonable consensus within 
the scientific community that the atmospheric solar heating is much larger than the effect of 
surface dimming, thus leading to a net warming of the surface and atmosphere5. Depending 
on the range of conditions (e.g., makeup of the particulate or topographical features of the 
land), black carbon particles can get hot enough to vaporize water and prevent clouds from 
forming resulting in additional heating of the Earth’s surface. Conversely, black carbon 
particles could seed clouds causing them not to coalesce into denser forms resulting in more 
clouds but less rain fall6–8.  
Black carbon also alters the environment by directly heating surfaces due to deposition, 
resulting in changes in surface albedo (i.e., decreasing surface reflectivity) and contributing to 
the accelerated melting of Arctic sea and land ice, glaciers, and seasonal snow covers3. Within 
the Himalayas, black carbon may be responsible for as much as 50% of the total glacial 
retreat that has been seen thus far9. The combined global warming impact of one kilogram 
of black carbon via multiple warming pathways is estimated to be on average 500 to 680 
times larger than one kilogram of CO2 over a 100-year time frame and 1,500 to 2,200 times 
larger over a 20-year time frame3. Because of this, recent studies have estimated that black 
carbon is the second or third largest overall contributor to global warming, surpassed only by 
CO2 and possibly methane
3. Since black carbon has a much shorter residence time relative to 
greenhouse gases, mitigating these emissions is an attractive target for producing significant 
results quickly in the effort against climate change3,10. 
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Cooking with Biomass Fuels: Relevance and Impact 
Approximately half the world’s population utilizes biomass fuels for cooking or 
heating, most of which are in developing nations11–13. Examples of biomass fuels include 
wood, dried animal manure, crop residue, and charcoal. The extensive worldwide use of 
cookstoves reliant upon biomass fuels is cause for grave concern due to the extremely 
high particulate matter concentrations and other pollutants produced within the   
home14–16. A significant portion of this particulate matter is comprised of black carbon4,7. 
Elevated indoor exposures to particulate matter as a result of biomass burning are 
common for women and children. These subpopulations spend a significant amount of 
time indoors cooking or near the fire, thus placing them at a high risk for developing 
associated health effects17. In general, health effects attributed to particulate matter 
exposure are linked to particle concentration, size, and composition with much of black 
carbon believed to be in the ultrafine (<0.1μm) to fine (<2.5μm) range18. A substantial 
body of literature has linked biomass fuel use to several chronic diseases including 
ischemic heart disease, chronic obstructive pulmonary disease (COPD), and lung cancer. 
Exposure to high indoor concentration has also been shown to result in acute lower 
respiratory infections (ALRI) in children11,13,19. Based on 2012 data, the World Health 
Organization estimated that 4.3 million premature deaths occur worldwide annually as a 
result of exposure to indoor air pollution created by biomass cooking20–22. Indoor air 
pollution associated with biomass burning is a significant contributor to morbidity and 
mortality and changes in cookstove technology have been proposed to reduce indoor 
emissions and improve the health outlook. Organizations such as the Global Alliance for 
Clean Cookstoves of the United Nations Foundation, working in partnership with other 
agencies, governments, and the private sector, have invested significant resources to 
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replace traditional, open-design cookstoves with new, cleaner stove technology23. 
Improved stoves attempt to reduce fuel consumption, increase thermal efficiency, 
and/or redirect particulate matter to the exterior environment via the use of a chimney. 
However, new stoves that utilize a chimney require further study in order to better 
understand their potential to further degrade ambient air quality due to the redirection of 
pollution outdoors. The potential increase in particulate matter emitted outdoors could 
also further exacerbate the impact upon climate change by increasing the amount of 
black carbon released per cooking event to the atmosphere. 
 
Cookstoves and Climate Change: Focusing on the Indo-Gangetic Plain 
The production of black 
carbon from the burning of 
biomass fuels is a major 
contributor to climate change1. Of 
the total black carbon emissions 
present globally, ~20% of annual 
emissions are believed to be a 
result of biomass burning during 
cookstove use24. In South Asia, biomass cooking alone is believed to contribute about two-
thirds of black carbon emissions9. An area identified as a regional hotspot for production of 
black carbon emissions from biomass fuel use is the Indo-Gangetic Plain (IGP)3. In this 
region, black carbon entering the atmosphere and its subsequent deposition on glaciers and 
snow pack is thought to be a significant contributor to the changing climate25. The IGP is 
Figure 1: Shaded area indicating location of the Indo- 




one of the most densely populated regions in the world, with its inhabitants reliant upon the 
surrounding mountains and a predictable hydrological cycle for its water supply3,4,26.  
People across South and East Asia rely on the annual glacial and snow pack melt from 
the Himalayan-Hindu Kush region as a source of fresh water3,26. However, these glaciers 
along with annual snow pack are experiencing an accelerated retreat and are threatening the 
water supply for this region26. While greenhouse gases play a role in contributing to this 
retreat, the pace of the retreat along with a 0.3°C warming per decade over the past 30 years 
indicate that other factors are contributing to this changing climate26. In addition to the 
diminishing presence of glaciers and snow pack, changes to the cyclical seasonal weather 
patterns in South Asia are becoming more evident. Noting an increase in intense 
precipitation events and how annual monsoons are deviating from their typical timetables 
highlights changes to these patterns4,27. This instability is threatening the livelihoods of nearly 
1 billion people, especially farmers who rely on this fertile land to feed a considerable 
segment of the global population7,8.  
 
Areas of Uncertainty and Research Opportunities 
Climate change and epidemiological models concerned with particulate matter and black 
carbon fate and transport in the IGP rely on emission air pollution source inventory data 
within this region. Emission inventories are generated via several methods, including 
estimates based upon emission factors developed in laboratories, demographic data including 
population and fuel estimates, remote sensing applications, and source apportionment 
models reliant upon measurements from ice core samples24–26,28. However, due to the lack of 
in situ data, emission estimate profiles for particulate matter and black carbon are subject to 
large uncertainty, subsequently resulting in climate change and epidemiological prediction 
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models having considerable variability25. Significant inconsistency exists for published black 
carbon emissions, with regional scale emissions having considerable, 2-5 fold, 
uncertainty4,25,29. Accurate emission data is needed to allow agencies and organizations to 
properly estimate the impact of black carbon production created by traditional and improved 
cookstoves, thus allowing resources to be allocated in a manner that would be cost efficient, 
protective of human health, and be effective for efforts geared towards mitigating climate 
change. Furthermore, understanding the contribution cookstoves play in the creation of 
these emissions, specifically from data collected in situ, is critical towards decreasing 
variability currently seen in emission profiles.   
 
Study Overview and Objectives 
This dissertation provides a comprehensive assessment of the household-level black 
carbon emissions from traditional, open-design cookstoves as well as alternative stoves in an 
area within the Indo-Gangetic Plain. Understanding the contribution that traditional and 
alternative cookstoves play in the production of black carbon is critical to validating existing 
climate models and making effective decisions with regards to improved cookstove design 
replacement programs. This dissertation addresses several specific research area needs. The 
research goals are presented under the following chapter outline.  
Chapter 2 presents improved quality control methods for particulate matter monitoring 
equipment used to assess indoor air pollution associated with the use of biomass fuels. The 
methods presented combine an adjustment for relative humidity and gravimetric equivalency 
conversion in extremely high indoor concentration environments using a nephelometric 
device for measurement. 
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Chapter 3 presents the first directly measured exfiltration estimates of particulate matter 
that exit to the outdoors via passive exchange in village homes that utilize traditional, open-
design cookstoves. Estimates of variability are provided for exfiltration as a function of 
housing and fuel characteristics in homes located in rural Nepal. Furthermore, this chapter 
assesses the black carbon to PM ratio produced by cooking with biomass in traditional 
stoves. By characterizing these emission characteristics, homes can be treated as a source and 
particulate matter and black carbon emission rates could be determined based upon the 
indoor concentration. 
Chapter 4 extends upon the work from Chapter 3 to present first-ever measured 
exfiltration estimates of particulate matter in a village-like home in rural Nepal for improved 
cookstoves that utilize a chimney to increase ventilation. This chapter provides important 
information needed to assess the contribution of improved cookstoves on outdoor air 
quality.  
Chapter 5 presents a spatial characterization of ambient PM2.5 and black carbon during 
cooking and non-cooking periods across several villages in rural southern Nepal. This 
chapter also outlines an approach to developing a spatial prediction model in order to 
estimate concentrations of these agents at unsampled locations. Ultimately, this research 
effort is designed to provide a better understanding of the association between indoor and 
outdoor PM2.5 and black carbon at small-scale spatial variability. 
Chapter 6 discusses future impact this research will have on developing remote sensing 
applications in the IGP region. If remote sensing applications can be used to generate 
accurate emission inventories across the IGP, proper health and economic impact 
assessments can be conducted. Subsequently, these efforts can be used as communication 
tools to educate and inform policy makers in order to highlight areas requiring attention and 
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measures needed to mitigate associated climate change issues. Chapter 7 presents a summary 
of the conclusions, along with public health significance. Appendix A contains the abstract 
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Assessment of  exposure-disease relationships related to use of  solid biomass fuels (wood, 
dried animal manure, and crop residue) for cooking and other household energy needs in the 
developing world has become a top priority1. With approximately 3 billion people using solid 
biomass fuels, large scale interventions using new, more efficient cooking technologies are 
being conducted to reduce adverse health effects associated with solid biomass fuel use1,2. 
The success of  these efforts will hinge in part on the degree to which new stove technology 
reduces pollutants and the corresponding reduction in disease. Uncertainties in the 
exposure-disease relationships make designing interventions difficult since the exposure 
reduction targets are not known. Currently, great uncertainty exists around the exposure-
disease relationships due to lack of  detailed exposure data in large health outcome studies. 
Recent reviews have highlighted the need to conduct more detailed exposure assessments in 
health studies of  household air pollution (HAP) and cookstoves2,3. 
Particulate matter (PM) is a principal emission from biomass combustion and significant 
contributor to morbidity and mortality. PM measurement technology available for cookstove 
exposure assessments were designed for use in developed countries where PM 
concentrations are typically 2 to 3 orders of  magnitude lower2. Filter-based integrated 
gravimetric samplers are difficult to use in biomass burning cookstove settings because the 
high PM concentrations require low flow rates and short sample times to minimize sampler 
overload. Furthermore, limitations in battery life, specifically for the air pump component of  
the sampler, make collecting samples for a day or more problematic in low resource settings 
where access to electricity can be limited. Passive nephelometric devices for measuring PM 
have several advantages over filter-based integrated sampling methods. They can be used for 
longer periods on a single charge and do not require a filter, so overloading is less of  a 
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problem. 
Nephelometers, however, have a number of  important limitations. Since light scattering is 
an indirect measure of  PM concentration, the devices need to be calibrated against a 
gravimetric standard. Nephelometers come pre-calibrated using standard fine dust test 
aerosol (Arizona road dust)4. Since the particle size distribution and composition of  
cookstove PM is different from Arizona road dust, the instrument response needs to be 
adjusted to account for differences in PM characteristics. In addition, since many aerosols 
are hygroscopic and will increase in size at high humidity, nephelometer response needs to 
be adjusted for humidity effects5–8.  
The purpose of  this paper is to describe humidity and gravimetric adjustment approaches 
for the DataRAM pDR-1000 (Thermo Scientific, Franklin, MA) used to assess indoor PM 
concentrations in a large cookstove intervention trial in Nepal (registered at Clinicaltrials.gov, 
NCT00786877). This nephelometer measures airborne PM passively, providing a direct, 
continuous readout with data storage for subsequent analyses4. The pDR uses light 
(wavelength of  880nm) with a scattering coefficient range (1.5×10-6 to 0.6 m-1) to illuminate 
particulate and estimate light scattered4,5. Calibration by the manufacturer is performed using 
a gravimetric standard, International Organization for Standardization Fine test dust4. Given 
the working principle of  the nephelometer and results from previous studies, concentration 
readings are subject to possible bias as a result of  differences in aerosol characteristics and 
sampling conditions5–7. Specifically, adjustments for relative humidity during measurement 






Adjusting Recorded Particulate Matter Data for Relative Humidity 
Changes in particle size distribution with increasing humidity can result in an 
overestimation of  PM concentration8. To account for the influence of  relative humidity (RH) 
in nephelometric measurements, a correction factor is typically applied. This correction 
factor can be calculated as the ratio of  the humidity influenced PM nephelometric 
concentration to the humidity independent PM concentration. Dividing the nephelometric 
measurements by this correction factor will adjust for the PM-humidity bias. Since PM 
composition and size may impact how humidity is accounted for, it is preferable to estimate 
the correction factor in laboratory settings where particulate size and composition can be 
carefully varied and characterized9,10. However, when laboratory studies are not feasible, or 
aerosol characteristics are unknown or highly variable, the correction factor can be estimated 
using statistical models and field sampling data. Published approaches to assessing humidity 
bias adjustment have used either measurement from paired filter-based monitors (corrected 
for humidity by equilibration of  filters in humidity controlled weigh rooms prior to weighing) 
or from nephelometers with a heater attached to the inlet7,11. Richards et al. utilized heaters 
attached to the inlet of  nephelometers to eliminate the influence on PM measurements from 
high RH levels6, while Wu et al. questioned the ability of  the heater attached to the inlet to 
remove the influence from high RH8. Since filter-based monitors incorporate a humidity 
equilibration step in the weighing process, paired gravimetric and nephelometer samples are 
more commonly used to estimate humidity correction factors. 
Utilizing data from different sources to account for RH, previous studies demonstrated 
two main humidity adjustment equations to estimate the correction factor. An empirical 
adjustment equation derived from experimental data of  Laulainen et al.12 fits well with data 
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from several studies11,13: 
                                      (1) 
where a is equal to 1 and b is equal to 0.25, as reported by Chakrabarti et al.11. No discussion 
was given regarding the determination of  these parameters.  
Another adjustment derived from simple linear regression by Richards et al.6, was proven 
to fit well in data presented by Wu et al.7: 
     (2) 
where a and b are empirically determined parameters by linear regression, and the 
denominator is humidity adjusted nephelometric PM concentration (HAN PM) measured by 
a nephelometer with a heated inlet. 
These equations apply for RH values above 60%, which is believed to be the threshold at 
which nephelometers begin to significantly overestimate particle concentrations as a result 
of  RH increase7,10,11.  
 
Converting Recorded Particulate Matter Data to Gravimetric Equivalents 
To estimate equivalent mass concentrations, passive nephelometer readings are usually 
adjusted to account for differences in the manufacturer calibration aerosol and the real-
world aerosol being sampled using co-located gravimetric samples. Regression models are 
typically used to relate gravimetric PM measurements and humidity adjusted nephelometric 
PM7,11,14–16: 
            Gravimetric PM = a + b×HAN PM     (3)  
where a and b are empirically determined parameters by linear regression, and HAN PM is 
humidity adjusted nephelometric PM. The humidity adjusted nephelometric measurement is 
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generally an overestimate of the gravimetric equivalent PM concentration by a factor ranging 
from slightly greater than one to three7,16–19. None of the previously published gravimetric 
correction factors have been determined for the large range of concentrations seen in indoor 
biomass cookstove environments where long-term time-weighted average concentrations 




The study site in rural, southern Nepal was established by the Department of 
International Health at Johns Hopkins Bloomberg School of Public Health. Under the broad 
effort known as the Nepal Nutrition Intervention Project - Sarlahi (NNIPS)20, several studies 
are underway, one of which includes a cookstove intervention trial designed to assess indoor 
PM exposure to adverse health effects. Located in Sarlahi District, Nepal, the entire NNIPS 
site consists of 32 areas referred to as Village Development Committees (VDCs), four of 
which are currently participating in the cookstove trial. Sarlahi is a rural area located in the 
Terai region of southern Nepal (on the border with Bihar State in India) and is 
representative of southern Nepal and most of northern India with elevation approximately 
200 meters above sea level20. For our study, we utilized data from the parent cookstove trial 
as well as a substudy within this trial (known as the Simulated Cooking Test). Both studies 
utilized the pDR-1000 and HOBO U10 Temperature and Humidity Data Logger (Onset 





Parent Cookstove Trial 
Data from air quality studies measuring indoor PM associated with traditional cookstove 
emissions were collected at this study site. Cooking with traditional stoves, comprised of clay 
mud, bricks, rice husk, and cow dung, are common in this area of Nepal21. The cookstove 
trial includes 2,854 homes, each with at least two 24-hour indoor PM concentration 
measurements using the pDR-1000. Data from this study included co-located pDR-1000 and 
humidity measurements.  
 
Simulated Cooking Test 
Co-located pDR-1000, gravimetric PM, and humidity samples were collected during 
simulated cooking events in a mock house and in homes participating in the parent 
cookstove trial. 
Mock house sampling was conducted in a house built to represent a typical house in this 
region, determined from data collected during the parent cookstove trial. The mock house 
consisted of a 1-room floor plan with 1-window and door, with the ability to close and open 
these features. Housing material consisted of bamboo with mud, logs, and tree branches, 
while roof material consisted of half tile and half thatch/grass. House dimensions were: 
length 3.85 meters, width 4.65 meters, ground to the lowest point of the roof 1.8 meters, 
ground to the apex of the roof 2.7 meters, window 0.6 meters by 0.6 meters (located on the 
back wall of the house), and door frame 1.28 meters width by 1.64 meters height (located on 
the front wall). Both the window and door had a hinged wood-framed metal panel attached 
to it that allowed for opening/closing according to the prescribed test conditions. In 
addition, a traditional mud-based cookstove with two openings was built inside according to 
typical practices for stove construction, located on the floor of the back wall. Co-located PM 
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and humidity samples were collected during cooking activities with different fuel types using 
a standard cooking protocol.  
To assess pDR-1000 performance, a modified version of the Water Boiling Test (WBT) 
3.0 was used22. A standard cooking session was simulated by bringing 2 pots of water (5 
Liters in each) to a rolling boil from ambient temperature (approximately 30 minutes). The 
fire was then extinguished. Passive PM sampling was initiated 30 minutes prior to the cook 
test and continued for an additional two hours post-fire, while gravimetric sampling took 
place only during the active flame period. For this analysis, Passive PM data were examined 
only during the active flame period. In addition, pDR-1000s were zeroed before every test 
using procedures recommended by the manufacturer. A limited number of co-located pDR 
samples were collected in the mock house to assess precision, which resulted in an average 
precision of 11%. This value is in good agreement with a previously published study finding 
precision to be from 3% to 13%5. 
Gravimetric PM was collected with a PM2.5 inlet (BGI, Waltham MA) on Teflon filters 
(37mm 2.0µm pore PTFE Membrane Filter w/ PMP ring Pel Life Sciences, Ann Arbor MI) 
using a personal sampling pump (5400 BGI Inc., Waltham MA) at a flow rate of 4L/min. 
Flow rates were calibrated before and after sampling using a Drycal Flowmeter (DC Light 
BIOS Intl., Butler NJ). Filters were pre and post-weighed in a temperature and humidity 
controlled weighing room using a XP2U Microbalance (Mettler Toledo, Columbus OH) 
located at the Johns Hopkins Bloomberg School of Public Health.  
Pre-weighed Teflon filters were loaded into Polypropylene filter cassettes (SKC Inc., 
Eighty Four PA), along with filter pads (Pall Life Sciences, Ann Arbor MI) and 37mm drain 
discs (model no. 230800 Air Diagnostics and Engineering, Harrison ME) at the Harioun 
clinic in a field-developed clean box to minimize contamination during assembly while in 
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Nepal. The sampling equipment in the mock house was located 1 meter from the stove and 
1.8 meters above the floor. After sampling, the filter cassettes were placed in plastic bags 
until returned to the United States for post-weighing. For quality control purposes, duplicate 
gravimetric samples were collected for 10% of the test runs, resulting in an average duplicate 
precision of 12% and relative SD of 9%. Limit of detection was calculated to be 5μg and all 
filter weights were blank corrected (2μg).    
Upon completion of testing in the mock house, the same test protocol was performed in 
50 occupied homes that were randomly selected from the 2,854 households involved in the 
parent cookstove trial from two of the four cookstove VDC’s. Due to equipment failure 
during sampling, 10 homes were excluded from analysis. Homes chosen reflected typical 
housing based on preliminary data from the NNIPS cookstove intervention trial study (i.e., 
have 1 window/door, similar in size and composition to the mock house). Eligible homes 
met the criteria of only using cookstoves for personal food production, agreeing to not have 
any other sources of combustion ongoing in the house during testing, and were confirmed to 
ensure that no occupants used tobacco. Testing was conducted midday in order to minimize 
interference to participants’ daily routines as well as smoke infiltration from surrounding 
homes’ cooking activities. Fuel type was allowed to vary based on cooking preferences of the 
home. The type of fuel was observed for subsequent analysis of results by fuel type. 
 
Statistical Analysis 
Data from different fuel types, including wood, crop waste, and wood with anything else 
(i.e., dung, crop waste, or a mixture), window/door status (all closed vs. anything open), 
home type (mock vs. occupied), and kitchen size were incorporated into the analysis to 
evaluate different adjustment equations. The influence of  these variables on humidity and 
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gravimetric adjustment was evaluated by adding these variables into regression models, and 
then assessed for inclusion in the final model based upon significance of  their p-values and 
other standard regression model evaluation procedures23.  
Root mean square errors (RMSEs) of  predicted values in each equation were calculated in 
order to assess fit and accuracy of  prediction of  the equations to our data. RMSE was 
estimated by incorporating all data points into the equation when parameters were not 
estimated from our data. For equations where parameters were estimated from our data, the 
RMSEs were calculated by conducting leave-one-out cross validation. In detail, one data 
point was removed out of  65 total points as a test point, whereupon parameters for the 
equation were trained (i.e., re-estimated) with the remaining 64 data points and used to 
predict a value for the test point. This process was repeated 65 times for each data point; at 
each iteration the squared residual error (difference between the predicted and “true” test 
point) was calculated and then averaged. The square root of  these mean squared errors 
(RMSE) provides a measure of  prediction accuracy on the original scale of  the data. 
Cross validation was also conducted to assess overall fit and prediction accuracy for the 
two-step quality control methods. After initially removing one data point randomly, the 
humidity adjustment equation was trained with the remaining data points. Parameters of  the 
gravimetric conversion equation were then ascertained with the same data points adjusted 
for RH. Applying the test value sequentially on both equations, we were able to calculate the 
cross validated RMSE. 
All statistical analyses were performed in the R Statistical Computing Environment 
(Version 3.0.2; 2013-09-25, Vienna, Austria). Packages used for data analysis and graphics 
creation were chron24 and ggplot225. 
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Results and Discussion 
Humidity adjustment 
Three separate humidity adjustment equations derived from Equations (1) or (2) (referred 
to as (1a), (1b), and (2a) in Table 1) were examined. Equation (1a) was derived from 
Equation (1), with the parameters given in Chakrabarti’s 2004 publication11. For Equation 
(1b), we fitted Equation (1) with our data collected in the mock house and occupied homes, 
where the correction factor was calculated as the ratio of  average pDR-1000 PM 
concentration and the corresponding gravimetric PM2.5 concentration. Similarly, we fitted 
Equation (2) with our data to derive Equation (2a). Table 1 presents the regression 
parameters for the three equations. The range of  nephelometric PM concentration data was 
observed to be from ~600 μg/m3 to ~66,000 μg/m3.  
As shown in Figure 1, all humidity adjustment equations agree well with each other and 
provide a reasonable description of  the correction factor versus humidity results. According 
to the RMSE estimated by cross validation presented in Table 1, all equations performed 
equally with a suggestion that Equation (2a) provided a slightly better fit. Adjustment with 
and without a 60% humidity threshold did not make a large difference in fit, with Equations 
(1b) and (2a) performing slightly better without a threshold and Equation (1a) performing 
better with a threshold. Although Equation (1b) and Equation (2a) were based on different 
approaches, both demonstrated similar fitted lines and RMSE after incorporating 
experimental data, suggesting that as long as experimental data were incorporated, applying 
any of  the two humidity adjustment equations will not dramatically affect the results.  
Below 40% RH, most data points have correction factors less than 1.0, with all correction 
factors less than 1.0 for RH less than 30%, indicating underestimation of  PM concentration 
by nephelometers at very low humidity. Similar trends were identified in Chakrabarti et al. 
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where this underestimation was noted to start at 20% RH11. This observed trend could be 
due to PM size reduction during low RH levels. In addition, filter weights were determined 
after filter equilibration at 35% RH supporting the observation of  pDR-1000 
underestimation relative to gravimetric at low humidity. It should be noted that a substantial 
increase from a correction factor above 1.0 was not observed until 70% RH in our data, 75% 
RH in Chakrabarti’s 2004 data, and 50% and 65% RH in Day’s 2001 data11,13. These results, 
combined with our observation of  a negative bias at low humidity, suggest that the choice of  
60% RH threshold for humidity is not well supported.  
 













Equation (1a)* 1# 0.25# 0.506 0.514 
Equation (1b)** 0.72 (0.65, 0.79) 0.38 (0.33, 0.44) 0.521 0.495 
Equation (2a)*** -0.72 (-0.82, -0.62) -0.82 (-0.93, -0.71) 0.515 0.490 
#Based on original Chakrabarti equation, no confidence intervals were provided11 
*Equation (1a) = Chakrabarti’s original humidity adjustment equation 
**Equation (1b) = Chakrabarti’s humidity adjustment equation fitted with simulated cooking test data 
***Equation (2a) = Richards’s humidity adjustment equation fitted with simulated cooking test data 




Figure 1: Humidity adjustment Equations (1a), (1b), and (2a) displayed with data collected during 
cooking for both the mock house and occupied homes. 
 
To illustrate the influence of  the three humidity adjustment Equations (1a, 1b, and 2a) 
using real-world samples, we compared 24-hour PM concentration data adjusted for RH 
collected using pDR-1000’s in 10 homes within the parent cookstove trial. As shown in 
Figure 2, the means of  humidity adjusted nephelometric PM concentrations are similar using 
the three adjustment equations across all household average RH values, while Equation (1b) 
and Equation (2a) without a threshold lead to higher means of  adjusted values in the lower 
RH range. These results illustrate that humidity adjustment without threshold provides 
better compensation for the negative bias at low humidity, which is consistent with the 




Figure 2: Average PM concentrations of 10 homes adjusted with three humidity adjustment equations 
(a) with a RH threshold and (b) without a RH threshold. 
 
An additional comparison of  the three humidity adjustment equations was conducted by 
applying the humidity adjustment equations to 24-hour pDR data from all 2,854 homes. 
There was no statistically significant difference in the mean PM concentrations after 
humidity adjustment for the equations (Equations (1a), (1b), and (2a)) that incorporated a 




when the same equations incorporating no RH threshold were used (Kruskal-Wallis 
p<0.0001). However, when only considering equations trained with our data (Equations (1b) 
and (2a)), we identified no significant difference with or without a RH threshold. These 
results are consistent with the relationship demonstrated in Figure 1. 
 
Gravimetric Conversion 
Once the humidity adjustments were made, we compared the adjusted pDR-1000 average 
results to the co-located gravimetric PM2.5 concentrations using four equations (Equation (3) 
previously discussed, along with Equations (4-6) discussed below). From the linear 
regression equation (Equation (3)), estimated gravimetric PM concentration is equal to 
humidity adjusted nephelometric PM times the slope coefficient, while forcing the equation 
through the origin. Our Simulated Cooking Test data had average concentrations that 
spanned more than three orders of magnitude. In addition, our data in Figure 3 indicated a 
non-linear relationship between humidity adjusted nephelometric PM and gravimetric PM. 
Therefore, we evaluated the linear relationship between the natural log of both gravimetric 
PM and humidity adjusted nephelometric PM (Equation (4)): 
            Ln(Gravimetric PM) = a + b×Ln(HAN PM)               (4) 
where a and b are empirically determined parameters by linear regression of  log transformed 
experimental data. We also evaluated a slightly altered version of  Equation (4). Recognizing 
that the gravimetric to nephelometric PM relationship had a turning point, we included a 
spline term that yielded the following equation. 
Ln(Gravimetric PM2.5) = a + b×Ln(HAN PM) + c×(Ln(HAN PM) – d)      (5) 
where d represents the spline point and c is equal to zero when the natural log of 
nephelometric PM is smaller than d. A range of possible spline points was determined by 
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observing the relationship between gravimetric and humidity adjusted PM concentrations. 
This range spanned 7.5 to 12 for natural log of nephelometric PM concentration. Utilizing 
increments of tenths, values within this range were fitted into the equation. Resulting cross-
validated RMSEs were compared to choose the best spline point (d). Another equation we 
evaluated to assess the nonlinear gravimetric to nephelometric relationship was in quadratic 
form 
(Gravimetric PM2.5) = a + b×Ln(Nephelometric PM) + c×(Ln(Nephelometric PM))
2    (6) 
where parameters were empirically determined by regression.  
Table 2 and Figure 3 summarize the regression parameters and RMSE values for four 
gravimetric conversion equations (Equations (3), (4), (5), and (6) respectively) with data 
adjusted using three humidity adjustment approaches (Equations (1a), (1b) and (2a) with and 
without a 60% RH threshold). Based upon the RMSE values, the new linear gravimetric 
conversion equation with log transformed variables fits better to RH adjusted data (both 
with and without a threshold) compared to the traditional linear approach. Moreover, the 
new linear gravimetric conversion equation utilizing a quadratic variable (Equation (6)) fits 
the best to RH adjusted data (both with and without a threshold) compared to all equations, 
but only slightly better than the equation utilizing a spline variable (Equation (5)). The curves 
in Figure 3(a) and 3(b) are consistent with the RMSE values estimated via cross validation. 
The range of  gravimetric PM concentration in our study was observed to be from ~600 
μg/m3 to ~26,000 μg/m3, while the upper limit for most other published studies16 did not 
exceed 600 μg/m3. This broader range of  PM concentration relative to other studies is one 
possible explanation for this observed improved performance when utilizing either a log 
transformed, spline, or quadratic approach during gravimetric conversion. The RMSE values 
in Table 2 are relatively similar by approach, suggesting that utilizing the three RH 
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adjustment equations, with or without a 60% RH threshold, provide similar gravimetric 
equivalent estimates with a preference towards a spline or quadratic approach. 
 
Table 2. Summary of gravimetric equivalency conversion for the three humidity 
adjusted results (with and without a 60% RH threshold) utilizing a linear, linear with 
log transformed variables, linear with log transformed and spline variable, and linear 
with log transformed and quadratic variable equations. 






Eq. 1a Eq. 1b Eq. 2a Eq. 1a Eq. 1b Eq. 2a 
Linear eqn. 
(Equation 3) 
a 0 0 0 0 0 0 
b 0.848 0.845 0.831 0.892 0.757 0.696 






a 2.726 2.750 2.753 2.723 2.510 2.395 
b 0.711 0.707 0.706 0.715 0.724 0.730 







a 0.859* 0.872* 0.822* 0.565* 0.921* 0.868* 
b 0.949 0.948 0.953 0.995 0.921 0.917 
c -4.051 -0.411 -0.416 -0.430 -0.471 -0.502 
d 8.4 8.4 8.4 8.2 8.9 9.1 







a -4.867* -4.945 -4.951 -4.994* -6.049 -6.607 
b 2.502 2.527 2.522 2.544 2.722 2.809 
c -0.105 -0.106 -0.106 -0.107 -0.115 -0.119 
RMSE† 2682 2750 2759 2715 2652 2619 
*Not significantly different from 0 (p>0.05). 










Figure 3: Linear, linear with log transformed variables, linear with spline variable, and linear with 
quadratic variable equations for gravimetric conversion based on nephelometric PM concentrations 
adjusted with RH adjustment Equation (2a). (a) RH adjustment with 60% threshold; (b) RH 






Combined Quality Control Method versus the Two-Step Method 
To simplify the two-step process, we propose combining the humidity and gravimetric 
equivalency adjustments into one equation. Based on the humidity adjustment work by 
Richards et al. and the linear gravimetric conversion equation with log transformed variables 
(Equations (2) and (4), respectively), a combined humidity and gravimetric equivalency 
adjustment equation was derived. This derivation yielded: 
Ln(Gravimetric PM2.5) = 3.102 + 0.701×Ln(1–RH) + 0.717×(Ln(Nephelometric PM) (7) 
where parameters were determined based on data from the simulated cooking test. 
 Unlike the traditional two-step quality control method, which has RH adjustment and 
gravimetric conversion done separately, the 60% RH threshold is not used for this new 
combined quality control method (Equation (7)). Given the issues associated with the 
arbitrariness of  60% RH threshold and the possible negative bias at low humidities discussed 
earlier, excluding it when conducting adjustments improves the accuracy of  the adjusted data.  
Another combined humidity and gravimetric equivalency adjustment equation was 
derived from Equations (2) and (5), respectively. This derivation yielded inclusion of  a spline 
term, thus resolving into: 
Ln(Gravimetric PM2.5) = 1.577 + 0.691×Ln(1–RH) + 0.913×(Ln(Nephelometric PM) +                     
                      d×(Ln(Nephelometric PM) – f)                   (8) 
where f  is 8.1. This was determined by examining the relationship between the gravimetric 
and unadjusted nephelometric PM, and comparing cross-validated RMSEs of  equations with 
different spline points as described above. This relationship was further evaluated via the use 
of  RMSE to finalize f. It should be noted that when the log nephelometric PM 
concentration is >f, the parameter d=-0.254; otherwise, the parameter d=0, thus resulting in 
the spline term being excluded. 
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An additional combined approach was developed from Equations (2) and (6), respectively. 
This approach resulted in a quadratic term, which yielded: 
Ln(Gravimetric PM2.5) = -0.176 + 0.692×Ln(1–RH) + 1.471×(Ln(Nephelometric PM) –    
                     0.043×(Ln(Nephelometric PM))2       (9) 
Parameters from Equations (8) and (9) were determined from the simulated cooking test. 
To evaluate the combined approaches (Equations (7), (8), and (9)) we compared their 
performance to the eighteen combinations of  RH adjustment and gravimetric conversion 
for the traditional two-step quality control method (linear gravimetric equivalency equations 
eliminated) (Table 3). As shown in Table 3, regardless of  which RH adjustment equation 
used, there is minimal impact on the prediction accuracy of  the two-step approach. The two-
step quality control combinations with and without the 60% RH threshold have similar 
accuracy in prediction when both quality control methods are applied, thus further 
supporting the rational of  not including a threshold.   
 According to Table 3, the combined equation approach utilizing a spline (Equation (8)) 
provides the best RMSE amongst the three combined approaches. The combined quality 
control methods have RMSE values that are higher than the lowest reported RMSE values 
for the two-step approaches. However, it is important to consider potential explanations that 
could result in these varying RMSE values. The approach of  the two step quality control 
methods utilize the same reference value twice, which could lead to overfitting, thus a lower 
RMSE value.  
 An important point to note is that at lower PM concentration and RH ranges, the quality 
control methods suggest that nephelometric data may underestimate gravimetric 
concentration. This could be the result of  our broad range in PM concentration values 
collected during biomass fuel combustion, which has not been well studied utilizing the 
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pDR-1000. It should also be noted that making adjustments below nephelometric PM 
concentration of  600 μg/m3 could lead to uncertainty due to the absence of  data below this 
value. 
Table 3. Summary of different overall pDR-1000 adjustment approaches comparing 
the RMSE values.  




Combined Approach (1) 1 3066 
Combined Approach--spline (2) 2 3007 
Combined Approach—quadratic (3) 3 3243 
Equations (1a), (1b), & (2a) (without 
threshold)+Equation (4) 
4, 5, 6 2922, 2959, 2962 
Equations (1a), (1b), & (2a) (without 
threshold)+ Equation (5) 
7, 8, 9 2641, 2600, 2593 
Equations (1a), (1b), & (2a) (without 
threshold)+ Equation (6) 
10, 11, 12 2696, 2628, 2607 
Equations (1a), (1b), & (2a) (with 
threshold)+Equation (4) 
13, 14, 15 2925, 2948, 2948 
Equations (1a), (1b), & (2a) (with 
threshold)+Equation (5) 
16, 17, 18 2652, 2687, 2689 
Equations (1a), (1b), & (2a) (with 
threshold)+Equation (6) 
19, 20, 21 2716, 2736, 2744 
Further analysis explored the impact of  fuel type (wood, crop residue, mix of  wood and 
other), home type (occupied vs. mock), kitchen size, and window/door status on Equation 
(7). These variables were not statistically significant and therefore were not included. 
Even though the two-step combinations provide for a better fit according to the RMSE 
values, the new combined quality control method holds several advantages for future 
applications. First, the combined quality control method involves only one reference value, 
excluding the possibility of  over-fitting with having to use multiple reference values. In 
addition, it is quicker and easier to perform an adjustment using an integrated approach (as 
done in Equation (7)) than to have to perform multiple steps as is done in the two-step 
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approach. Furthermore, integration of  a spline or quadratic term requires additional 
examination of  data in order to properly assess whether their use is warranted. For our data, 
the equation with the spline term (Equation (8)) provides for the best RMSE across all one-
step equations. Given this along with the advantages of  using a one-step method, Equation 
(8) is believed to be the best approach with all that has been presented. 
 
Conclusions 
In this paper we have explored a range of humidity and gravimetric equivalency 
adjustment approaches. Three approaches (Equations (1a), (1b), and (2a)) to humidity 
adjustment all performed equivalently (similar RMSE values). Previous research suggests that 
humidity overestimation bias is observed when humidity exceeds 50% to 75%11,13. Our 
results suggest that an overestimation bias is close to the 75% RH value. In addition, an 
underestimation bias exists at very low RH (<30%). As a result, we have proposed humidity 
adjustment equations that encompass the entire RH range. Furthermore, the humidity 
adjustment using the equation by Chakrabarti et al. (Equation (1a)), which was derived by 
sampling ambient PM in Southern California, performed similarly to humidity adjustments 
calculated using cookstove PM samples collected in Nepal. This suggests that humidity 
adjustments do not vary widely based on the characteristics of the PM being sampled. 
Given the wide range of concentration in our study, the new linear gravimetric 
conversion equations with log transformed variables performed better than the traditional 
linear regression gravimetric conversion equation. Furthermore, gravimetric conversion 
equations incorporating a spline or quadratic term provided for the best fit amongst 
equations with log-transformed variables. The two-step quality control combinations 
utilizing the new linear gravimetric conversion equation with log transformed variables also 
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have better accuracy in prediction than those utilizing the traditional linear gravimetric 
conversion equation (data not shown). Our PM concentration range, collected during 
biomass burning, was much broader than other published studies, which could explain why 
the new linear gravimetric conversion equations with log transformed variables and either a 
spline or quadratic term demonstrated a better fit. Moreover, given the higher concentration 
range observed in our study, the adjustments proposed should be applied for nephelometric 
PM concentration ranging from ~600 μg/m3 to ~66,000 μg/m3. 
In general, utilization of the traditional two-step method is less preferred than the 
integrated RH and gravimetric conversion methods presented in this paper (Equations (7), 
(8), and (9)) for a variety of reasons. Principally, the integrated method is preferred because it 
only involves one response variable (gravimetric PM2.5 concentration), avoids overfitting, 
does not contain a RH threshold, and is relatively quick and straightforward. For our data, 
we recommend using the combined method that includes a spline term (Equation (8)) for 
quality control, based on the RMSE value. In order to achieve the best adjustment, we 
recommend readers to assess their own data to choose which combined quality control 
method to utilize, using the approaches outlined in this paper. Providing an approach to 
determine humidity corrected gravimetric equivalent PM2.5 concentrations will allow 
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The Himalayan glaciers, also known as the third pole of the world, provide fresh water 
via glacial melt to more than a billion people across South and East Asia1. These glaciers 
have begun melting at an alarming rate over the past decade, increasing the potential for 
these glaciers to undergo significant retreat by midcentury thus threatening the fresh water 
supply for this region1. Furthermore, alterations in the overall hydrological cycle in South 
Asia is becoming more apparent2. Monsoons are deviating from typical seasonal patterns, 
thus having a wide range of impact upon a number of groups within this region including 
farmers who are responsible for feeding a significant portion of the world’s population3,4. 
While it is believed that glacial retreat is driven by an increase in global warming due to 
greenhouse gases, the rapidity of the retreat along with a 0.3°C warming per decade over the 
past 30 years indicate that other factors may be at play1. Primarily, black carbon emitted into 
the atmosphere and subsequent deposition on glaciers and snow pack is thought to be a 
major contributor to the change in climate and accelerated glacial retreat in this region5. 
Black carbon (BC), a component of particulate matter (PM), is produced by the 
incomplete combustion of fossil fuels, the burning of biomass from forest fires, and through 
households as well as factories that use wood, dried animal manure, or crop residue for 
cooking or other energy needs6. Worldwide, more than three-quarters of the black carbon 
produced is thought to come from developing countries, generated from cookstoves, open 
burning, and older diesel engines4. It is estimated that around 2.7 billion people worldwide 
cook using biomass fuel, most of which are poor and in developing countries7. Annual 
emissions of BC from biomass burning in cookstoves have been estimated at 20% of the 
total global BC emissions8. Biomass cooking alone is believed to contribute about two-thirds 
of BC emissions within South Asia9. 
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Within the Himalayas, BC may be responsible for as much as 50% of the total glacial 
retreat seen thus far9. Recent studies have estimated that BC is the second or third largest 
overall contributor to global warming, surpassed only by CO2 and possibly methane
10. It is 
important to note however, that BC has an average residence time in the atmosphere of a 
few days to weeks relative to greenhouse gases which range from years to centuries10. Due to 
the short residence time in the atmosphere, mitigating BC emissions can produce almost 
immediate effects in terms of reduced radiative forcing and subsequently large co-benefits 
for public health10,11. Regional scale BC emission estimates, however, have a significant, 2-5 
fold, uncertainty5. The Indo-Gangetic Plain region (IGP) has been identified as a regional 
hotspot for BC emissions10. The IGP is one of the most densely populated regions and large 
uncertainties exist for published BC emissions12,13. 
 
Background 
Cookstove emissions create indoor exposures and contribute to ambient air 
pollution through passive exchanges between indoor and outdoor air (indirect venting) 
and direct, active venting (i.e., chimney) to the outdoors. Salje et al. recently identified 
exfiltration of biomass pollution as a significant contributor to indoor PM pollution in 
non-biomass using homes in Dhaka, Bangladesh14. Open-design cookstoves, where 
combustion byproducts are expelled directly into the indoor environment, result in high 
concentrations of PM and other pollutants inside the home15–19. BC and PM emission 
factors for different stove designs have been determined in laboratory settings20–22. These 
emission factors can vary by 5-6 fold depending on fuel type20. In addition, the BC 
component of PM under 2.5 micrometers in diameter (PM2.5) has been shown to vary 
from 5-52% using laboratory-based test burns20. Laboratory-based studies are of limited 
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utility for estimating household BC and PM emissions because they lack the ability to 
incorporate factors present in real-world scenarios. Characterization of cookstove 
emissions emanating from a house requires an assessment of the fraction of PM 
remaining indoors and exfiltrating from the house. A fraction of PM will settle and 
deposit on indoor surfaces as well as in cracks within the walls of the house, while the 
rest will exfiltrate to the outdoor environment. Studies translating laboratory-based 
cookstove emissions to ambient emissions from a house often use hypothetical air 
exchange and particle deposition rates resulting in a fractional exfiltration estimate. For 
example, an 80% exfiltration estimate of PM emitted by biomass combustion, a non-
published value based upon hypothetical particle deposition rates, has been cited20 
without any field validation. Furthermore, measurement of air exchange rates in village 
housing is extremely limited23–25 compounding our poor understanding of how much PM 
may be exfiltrating to the outdoor environment. Estimates of the amount of PM and BC 
that exfiltrate from homes are needed to reduce uncertainty in emission inventories. 
Furthermore, exfiltration estimates can be used to evaluate the impact of cookstove 
interventions (i.e., use of a chimney), designed to improve indoor air quality, on outdoor 
air quality. 
This paper presents air exchange rates and PM exfiltration estimates from homes in rural 
Nepal that utilize traditional, open-design cookstoves. Estimates of variability are provided 
for exfiltration as a function of housing and fuel characteristics in a real-world setting. 
Furthermore, this paper assesses the BC to PM2.5 ratio produced by biomass cooking in 
order to estimate BC exfiltration from homes. In combination with an assessment of indoor 
PM concentrations, PM and BC exfiltration fractions can be used to estimate house 
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Located in rural southern Nepal, the study site was established by the Johns Hopkins 
Bloomberg School of Public Health Department of International Health. Under the broad 
effort known as the Nepal Nutrition Intervention Project - Sarlahi (NNIPS), a parent 
cookstove intervention trial is underway. This community-based, cluster randomized, step-
wedge trial is characterizing indoor PM exposure in ~3,000 homes from traditional and 
alternative cookstoves, assessing primary health outcomes that include acute lower 
respiratory illness in children 1-36 months of age (ALRI), as well as birth weight and preterm 
birth among newborn infants26. Located in Sarlahi District, Nepal, the NNIPS site consists 
of 32 areas referred to as Village Development Committees (VDC’s), 4 of which are 
currently participating in the cookstove intervention trial. Sarlahi is a rural area located in the 
Terai region of southern Nepal (on the border with Bihar State in India) and is 
representative of southern Nepal and most of northern India with elevation approximately 
200 meters above sea level26. The exfiltration assessment was nested within the large 
cookstove intervention trial. Cooking with traditional stoves, comprised of clay, mud, bricks, 
rice husk, and cow dung, are common in this area of Nepal27. The typical cooking style in the 
area involves the burning of biomass fuels (wood, dried animal manure, and crop residue) in 




Mock and Occupied Home Sampling 
In order to assess exfiltration estimates of PM, a mock house was built at the research 
site in Sarlahi District, Nepal. Based on parent intervention trial study data, the house was 
representative of a typical household kitchen in this area with respect to size, material, and 
number of openings. Homes in this region typically consist of mud, wood, brick or cement 
walls with thatch roofs26. The mock house consisted of a 1-room floor plan with 1-window 
and door, with the ability to close and open these features. Housing material consisted of 
bamboo with mud, logs, and tree branches, while roof material consisted of half tile and half 
thatch/grass. House dimensions were: length 3.85m, width 4.65m, ground to the lowest 
point of the roof 1.8m, ground to the apex of the roof 2.7m, window 0.6m by 0.6m (located 
on the back wall of the house), and door frame 1.28m width by 1.64m height (located on the 
front wall). Both the window and door had a hinged, wood-framed metal panel that allowed 
for opening/closing. In addition, a traditional mud-based cookstove with two openings was 
built inside according to typical practices for stove construction, located on the floor of the 
back wall.  
Air quality data collected in the mock house included PM concentration collected 
passively with a DataRAM pDR-1000AN (Thermo Scientific, Franklin, MA), carbon 
Figure 1: Mock house built in study area 
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monoxide concentration with an EasyLog USB CO Monitor (Lascar Electronics, Eerie, PA), 
and relative humidity using the HOBO Data Logger (Onset Corp., Bourne, MA). All of 
these devices were co-located, collected in the center of the house before, during, and after 
simulated cooking events (discussed later), and recorded data in 10-second intervals. The 
pDR-1000 was zeroed in the field prior to each deployment using procedures recommended 
by the manufacturer. 
In addition, gravimetric PM2.5 was collected with a PM2.5 inlet (BGI, Waltham, MA) on 
Teflon filters (37mm 2.0µm pore PTFE Membrane Filter w/ PMP ring Pel Life Sciences, 
Ann Arbor, MI). A personal sampling pump (5400 BGI Inc., Waltham, MA) was utilized at a 
flow rate of 4 L/min. Flow rates were recorded before and after sampling using a Drycal 
Flowmeter (DC Light BIOS Intl., Butler, NJ). Filters were pre and post-weighed in a 
temperature and humidity controlled weighing room using a XP2U Microbalance (Mettler 
Toledo, Columbus, OH) located at the Johns Hopkins Bloomberg School of Public Health. 
Pre-weighed Teflon filters were loaded into polypropylene filter cassettes (SKC Inc., Eighty 
Four, PA), along with filter pads (Pall Life Sciences, Ann Arbor, MI) and 37mm drain discs 
(Model #230800 Air Diagnostics and Engineering, Harrison, ME) at the Harioun clinic in a 
field-developed clean box to minimize contamination during assembly while in Nepal. After 
sampling, the filter cassettes were sealed in plastic bags until returned to the United States, 
where they were disassembled and post-weighed. For quality control and assurance purposes, 
10% duplicate samples were collected and all filter weights were blank corrected.  
Fuels utilized during simulated cooking events in the mock house were derived from 
survey data from the parent cookstove trial. This data indicated that the most common types 
of fuel were wood by itself and a mixture of wood/dung/crop waste28. Fuel sources were 
obtained from the same area, same person, and subsequently sun dried to standardize 
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moisture content. The same person performed all of the simulated cooking events in the 
mock house. Each fuel combination was tested three times. In addition, two boundary 
conditions were tested, where both the window and door were either completely open or 
closed during mock house testing. 
The same test protocol was performed in 50 occupied homes randomly selected from 
the 2,854 households involved in the parent cookstove trial from two of the four cookstove 
VDC’s. Homes chosen reflected typical housing based on data from the NNIPS cookstove 
intervention trial study (i.e., have 1 window/door, similar in kitchen size and composition to 
the mock house). Eligible homes met the criteria of only using cookstoves for personal food 
production, agreeing to not have any other sources of combustion (including tobacco) 
ongoing in the house during testing. Testing was performed midday to minimize interference 
to participants’ daily routines as well as smoke infiltration from surrounding homes’ cooking 
activities. Fuel type utilized and window/door status were observed in order to allow 
cooking preferences of the home to remain intact. The individual in the home that did the 
most cooking performed the simulated cook session and was supervised by local staff for 
protocol compliance. Kitchen volume and number of windows/doors were also recorded. 
Furthermore, setup was performed at the local VDC field office to protect the equipment.  
 
Exfiltration Fraction Method Development 
The air exchange rate (AER) and subsequent exfiltration fraction (EF), or the amount 
of PM that exits a home via natural ventilation, were determined via the concentration decay 
method29. This method involves measuring pollutant decay over time once the source of the 
contaminant is terminated or removed in order to determine passive air exchange rates 
between indoor to outdoor29,30. Hypothetical decay curves for a non-reactive gas and PM 
 41 
illustrating the concentration decay method are 
displayed in Figure 2. Assuming that the house is a 
simple one-room structure (i.e., no tight internal 
partitions), it can be treated as a single zone and a 
mass balance continuity equation can be used to 
estimate the exchange of air between indoors and 
outdoors. For non-reactive gases (i.e., no other 
mechanism of removal) this model assumes that the air exchange carries the pollutant from 
inside to out, or visa versa if one is interested in infiltration. The air exchange rate (AER) is 
calculated assuming perfect mixing conditions29 using 
                                                                                         (1) 
where Q is the ventilation rate in m3/minutes, V is the room volume (m3), C2 and C1 are 
concentrations at various points in time, t2 and t1 are the corresponding time points 
(minutes), and k is a factor used to account for imperfect mixing conditions. The AER, , is 
determined by regression of Ln( ) of the non-reactive gas against Δ time. Equation (2) 
illustrates the simple linear regression model used to obtain this value.   
Ln(C) = β0 + β1×t + ε, where ε ~ N(0,σ
2)                    (2) 
Where C is the concentration of the tracer gas, t represents time (minutes), and β1 represents 
the AER. Ventilation studies typically utilize a tracer gas not commonly found in the 
environment, such as sulfur hexafluoride (SF6), to measure AER’s
31. Given logistical 
limitations regarding acquisition and transportation of SF6 to the study site, carbon 
monoxide (CO), deemed a viable substitute32, was utilized as the tracer gas. CO was suitable 
Figure 2: Hypothetical decay curves for 
PM and a non-reactive gas. 
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because the concentrations produced inside the home during cooking were more than two 
orders of magnitude higher than background.  
Figure 3 summarizes passive exfiltration pathways for PM from a house. For homes 
with traditional, open-design stoves, PM exfiltrates through open windows and doors as well 
as through cracks in the roof and walls (PME in Figure 3). Exfiltration for PM is complicated 
by the fact that the decay over time will be 
governed by the losses due to settling, 
surface deposition, as well as exfiltration. 
Calculating the AER based on the PM 
decay curve will therefore overestimate 
the real passive air exchange. To address 
this problem, two decay curves were 
measured as indicated in Figure 2. The 
slope of the PM decay curve was calculated in the same manner as the CO decay curve, 
utilizing Equations (1) and (2). The fraction of PM decay associated with exfiltration was 
calculated by comparing the simultaneous AER’s of CO and PM. Since CO is a non-reactive 
gas, its AER will not be affected by surface deposition. As shown in Figure 2, the decay rate 
for PM will be faster than that for a gas. The ratio of the AERs, Equation (3), provides an 
estimate of the fraction of PM that exfiltrates to the ambient air:   
                                                 (3) 
where SCO and SPM are the slopes of the respective decay curves, or the AERs, when plotted 
according to Equation (2).  
 
 
Figure 3: Pathways for particulate matter (PM) 
exfiltration from a house 
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Exfiltration Fraction Test Protocol 
A simulated cooking session was performed to create a fire within the stove resulting in 
elevated concentrations of PM and CO within the home. Prior to ignition, air-sampling 
equipment was deployed in the mock house at a height of 1m in front from the edge of the 
stove and 1.8m off the floor to maintain consistency between readings. Placement of 
sampling equipment in occupied homes relative to the mock house was slightly altered due 
to logistical limitations. 
By generating PM and CO concentrations that were orders of magnitude higher than 
outdoors, PM and CO infiltration from outdoor air into the home (assumed to be low 
relative to the indoor generated contaminants) when using Equation (2) could be ignored. 
To determine PM and CO decay curves, a modified version of the Water Boiling Test 
(WBT) 3.0 was used33. A cooking session was simulated by bringing 2 pots of water (5 Liters 
in each) to a rolling boil from ambient temperature. The fire was then extinguished and 
remnant fuel removed from the house to halt further emissions. Passive PM, CO, and RH 
sampling were initiated 30 minutes prior to the cooking session and continued for an 
additional two hours post-fire extinguishment. Gravimetric sampling for PM2.5 took place 
only during the active flame period. Passive PM and CO concentration decays were 
examined only after the flame was extinguished. Equations (2) and (3) were applied to the 
decay curves to determine the AERs for CO and PM and associated exfiltration fraction. All 
tests were performed during the Spring of 2012, considered the dry season as the outdoor 





Determining the BC fraction of PM2.5 
PM2.5 filter samples were collected during the active flame period of the simulated 
cooking session in both the mock house and occupied homes in order to assess BC content 
of the PM using an optical method described by Yan et al34. It is assumed that BC is mostly 
contained on smaller particles (i.e., PM< 2.5 m)35, therefore measuring PM over a broader 
size distribution is not necessary. 
 
Mixing Factor Assessment 
Air exchange rate studies that utilize tracer gas decay techniques typically assume that the 
air in the space being tested is well-mixed29. If the air is not uniformly mixed, a mixing factor, 
k, can be used to obtain more accurate AER estimates36–39. The mixing factor is equivalent to 
1 when the air is perfectly mixed and is <1 when incomplete mixing is present. In order to 
assess the degree of mixing in the test house, we compared the decay measured as described 
above to a decay curve measured with artificial mixing.  
Tests conducted in the mock house during February of 2014 sought to assess decay 
curves between these two conditions. From the same sampling point, CO decay was 
measured (using the same modified water boil test) post-fire extinguishment as described 
above. For tests with mixing, two pedestal fans (Super Deluxe iii Crompton Greaves 
Corporation, Mumbai, India) were placed 0.5m from the wall in the northeast and southwest 
corners. Both fans rotated in 90° intervals and were placed such that their combined 
oscillation fields covered the entire room. To mix the air, both fans were turned on at their 
lowest setting upon one of the pot’s reaching boiling point. When the second pot reached 
boiling point, the fire was extinguished and remnant fuel removed. The fans continued to 
run for an additional minute post fuel removal. CO concentration decay data was extracted 
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from this point forward and analyzed accordingly to determine the AER. Fuel type was 
restricted to wood only and window/door status was set to either all open or all closed (with 
n=10 for each). Mixing factor, designated as k, is defined as 
           (4) 
where MA is the average air exchange rate (h-1) for the (ideal) artificially, well-mixed tests and 
NAM is the average air exchange rate (h-1) for the non-artificially mixed tests that assumes 
perfect mixing conditions. If the ratio of the two exchange rates is equal to 1 then the space 
can be considered well-mixed39. 
 
Data Analysis 
Exploratory analyses generating summary statistics for CO AERs, PM and CO 
ventilation rates, exfiltration fraction by fuel type and window/door status, and BC to PM2.5 
ratio were created. A linear mixed effects model approach with a random intercept and slope 
was utilized to examine household factors that are predictive of PM exfiltration. This 
regression model took the form 
EFijk = β0 + β1×Fi + β2×WDj + b0k + b2k + εijk        (5) 
where b0k, b2k, and errors εijk are independent, Normal (0,σ
2). 
The fixed effects were fuel type (F) and status of window/door during cooking (WD). The 
random effect was house type (mock house designated as all one category and occupied 
homes, conversely, individually categorized), with the window/door status also being 
conditioned by house type to attain the random slope model.  
For the mixing factor analysis, a Mann-Whitney-Wilcoxon test was applied to see if the 
ratio of the two AER means were different from 1 (perfect mixing). These values were 
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assessed in order to determine whether or not perfect mixing could be assumed and if a 
mixing factor must be applied to AER measurements.  
All statistical analyses were performed in the R Statistical Computing Environment 
(Version 3.0.2; 2013-09-25). Packages used for data analysis and graphics creation were 
chron40, car41, agricolae42, lattice43, plyr44, ggplot245, mratios46, and lme447. 
 
Results and Discussion 
An example of decay 
curves for PM and CO post-
fire extinguishment 
determined in an occupied 
house is presented in Figure 
4. Both curves mimic the 
hypothetical curves presented in Figure 2 and a similar relationship is seen for all tests 
performed. The more rapid decay of PM indicates that surface losses are significant. 
 
Mixing Factor Analysis 
Results for the mixing factor analysis are reported in Table 1. The mean (95%CI) AER 
for non-artificially mixed tests was 9.9 h-1 (4.7, 15.1), with artificially mixed tests yielding 7.5 
h-1 (4.5, 10.5). These means are not statistically different (p-value = 0.63) suggesting that the 
well-mixed model assumption (k = 1) is not unreasonable, thus allowing the assumption of 
perfect mixing. The homes in this region are small and typical occupant movement creates 
air movement within the house that contributes to the overall mixing. To our knowledge this 
Figure 4: Example of PM (red) and CO (blue) decay curves post-
fire extinguishment in an occupied house 
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is the first study to evaluate the well-mixed assumption in a village-like home within a 
developing country.   
Table 1. Results of Mixing Factor Analysis 
Mixing Status N 
Average Air 
Exchange Rate Per 
Hour (95% CI) 
MA/NAM Ratio 
(95% CI) 
Mixed Artificially (MA) 10 7.5 (4.5, 10.5) 
0.76 (0.34, 1.46)* 
Not Artificially Mixed (NAM)  10 9.9 (4.7, 15.1) 
*p value >> 0.05 
    
Air Exchange, Ventilation Rate, and Exfiltration Fraction Evaluation  
Summary statistics of AERs, ventilation rates, and exfiltration fraction, with AER and 
Table 2. Summary Statistics for Exfiltration Fraction, Air Exchange, and Ventilation 
Rates 
  Data Type N 
Mean 












All Data 50 
26.4        
(22.4, 30.5) 
5.8-57.6 10.3 14.8 22.1 37.4 45.4 
Mock House 20 
23       
(15.9, 30.1) 




28.7    
(23.7, 33.6) 







All Data 50 
11.9      
(9.7, 14.1) 
2.3-41.8 4.2 6.8 10.6 15.5 20.5 
Mock House 20 
9.6        
(5.4, 13.8) 




13.4       
(11, 15.6) 







All Data 50 
6             
(4, 7.9) 
0.6-31.5 1 2.3 4 5.6 13.8 
Mock House 20 
6.4         
(3.6, 9.3) 




5.7        
(2.9, 8.4) 







All Data 50 
22.5      
(17.9, 27.1) 
2-72.9 6 12.3 17.3 28.7 46.5 
Mock House 20 
27.6       
(22.3, 32.9) 




19.1           
(12.3, 26) 
2-72.9 3.6 8.6 13.8 17.1 49.8 
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ventilation rates calculated from the decay curves, are provided in Table 2.  
Air exchange rates based on the CO decay curves are reported in Table 2, with a mean 
(95%CI) for all tests equivalent to 11.9 h-1 (9.7, 14.1). Examining CO AER by window/door 
status yielded an average of 5.9 h-1 (4.4, 7.3) for the closed category (n=10) and 13.4 h-1 (10.9, 
16) for having an opening present (n=40). This trend follows expectations for window/door 
status, with an opening present allowing for increased airflow and hence a higher average 
AER. Limited field studies examining AER in village housing have been conducted. 
Measured AER for Indian village homes have been recorded between 7 to 30 per hour23. A 
more recent study in village homes located in Peru reported a range of AER’s between      
0.5 h-1 to 20 h-1 depending upon partition presence24. This range of values presented for 
AERs in village homes is in agreement with results found in rural Nepal village housing, 
which is similar in housing style to much of the Indo-Gangetic Plain region. In addition to 
demonstrating similarities across village housing, these findings contribute to the expansion 
of field-based residential AER data. Accurate estimation of AERs is critical to understanding 
cookstove contributions to ambient air pollution as well as the broader climate change 
impacts that may be associated with traditional vs. alternative stoves. Ventilation rates, which 
are a function of the home volume and air exchange rate, are also presented for all tests in 
Table 2. The ventilation rates calculated from CO decay for the mock house under varying 
conditions averaged 6.4 m3/min and ranged from 1.6 to 28.1 m3/min. Occupied homes’ CO 
ventilation rates similarly averaged 5.7 m3/min and ranged from 0.6 to 31.5 m3/min. As 
expected, mock house ventilation rates were similar to the occupied homes.  
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The average (95%CI) PM exfiltration fraction for all tests (n=50) was 26.4% (22.4, 30.5), 
with values ranging from 5.8% to 57.6%. Mock and occupied home EF averages (95%CI) 
were 23% (15.9, 30.1) and 28.7% (23.7, 33.6), respectively. EFs for the mock and occupied 
houses were not statistically 
different, thus conforming to the 
expectation that the designed mock 
house kitchen is representative of a 
typical kitchen in this area. EF 
distributions broken down by 
window/door status and fuel type 
are presented in Figures 5 and 6, 
respectively. In Figure 5, the average 
(95%CI) EF for closed window/door status was 18.2% (13.1, 23.2), while having an opening 
present resulted in an increase to 28.5% (23.8, 33.2). Furthermore, the range of EF data is 
less variable when the window/door are both closed relative to having an opening present. 
Comparing open vs. closed conditions yielded statistically different results (discussed below), 
with the trend being consistent regarding increased exfiltration when doors and/or windows 
are open. When partitions are closed, airflow through the kitchen is reduced, resulting in less 
exfiltration and a range of values with a relatively smaller spread in contrast to having 
openings.  
Figure 6 gives EF data for all tests broken down by fuel type. A wide range of fuel types 
were tested in the occupied homes because these were the fuel types used by the families 
during the testing period. They included wood, mixture of wood/dung/crop residue, 
mixture of dung/wood, mixture of crop residue/wood, and crop residue. Only wood and 
 Figure 5: Exfiltration fraction presented by window/door 
status 
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mixture of wood/dung/crop residue were evaluated in the mock house because these were 
the two fuel types most prevalent in the parent cookstove trial. Fuel categories consisting of 
a mixture still had wood as the primary fuel source. EF for fuel types of wood and crop 
residue by themselves had similar averages (95%CI) of 30.2% (25.6, 34.8) and 28.1% (13.9, 
42.4), respectively.  
Crop residue is a mixture of materials with the potential to produce a wide range of 
particle sizes when burned, hence the potential for particle size distribution to be broader 
relative to wood. Subsequently, one would expect that the EF variability for crop residue 
should be larger than that seen for wood, which is shown in Figure 6.  
 Both Figures 5 and 6 have a value of 80% exfiltration labeled on them, which is a 
modeled value with no field validation that has been previously cited but not independently 
published20. The 80% exfiltration is significantly greater than the averages of the EF data, 
along with the upper limits of the ranges, presented in the overall EF data (Table 2) and in 
Figures 5 and 6.  
Figure 6: Exfiltration fraction presented by fuel type 
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Utilizing a linear mixed effects model, factors that may impact EFs were evaluated. 
Pooling of categories for fuel type was necessary due to the small sample sizes of certain fuel 
categories. With wood being the dominant fuel source for the categories of dung/wood, 
wood/dung/crop residue, and crop residue/wood, these three sources were combined into 
one category and called wood/other. EF by pooled fuel type distributions is displayed in 
Figure 7. The regression model examined window/door status (everything closed vs. 
opening present) and fuel type (wood only and wood/other), with crop residue excluded due 
to the small sample size. Regression results are presented in Table 3 with reference levels for 
the covariates being wood for fuel type and everything closed for window/door status. 
Window/door status proved to be a significant covariate (p=0.022), while pooled fuel type 
status was marginally significant (p=0.0621). Regression results indicate that having an 
opening present resulted in an 11.37% increase in exfiltration, while switching fuel type from 
wood to wood/other resulted in a 7.64% decrease in exfiltration. The relevance of these 
covariates follows expectations that exfiltration of PM can be attributable to presence of 
openings in a house along with particle size distribution which can vary based upon fuel type. 
 
 
Figure 7: Exfiltration fraction presented by pooled fuel status 
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Ratio of BC to PM2.5 Analysis 
Of the PM2.5 filters collected during valid exfiltration fraction tests (n=50), due to very 
high PM concentrations during cooking 37 were too saturated to estimate using the optical 
analysis method for BC. The excluded filters exceeded the optical method’s upper threshold 
detection limit which resulted in questionable prediction of BC values34,51. Fuel category for 
the 13 samples with acceptable loadings for BC analysis were broken down into wood (n=2), 
wood/other (n=9), and crop residue (n=2).  
Table 4: Summary statistics for black carbon to PM2.5 ratio 
 N Mean (95% CI) Median Range 
PM2.5 Concentration 
(ug/m3) 
13 4352.9 (3097.4, 5608.4) 4025.1 1430.9- 8382.3 
Black Carbon 
Concentration (ug/m3) 
13 1516.1 (1027.6, 2004.7) 1219.7 630.8-3182.4 
Black Carbon to PM2.5 
Ratio (%) 
13 36.8 (28.5, 45.1) 34.9 17.6-68 
     
 
Concentration summary statistics of BC and PM2.5, along with ratio estimates are 
provided in Table 4. Conducted only over the active cooking period of the simulated 
cooking test, the mean 
(95%CI) ratio was 
36.8% (28.5, 45.1), 
ranging from 17.6% to 














Fuel type - Wood/Other -7.64 3.83 0.0621 
Window/Door status - Opening Present 11.37 4.51 0.022 
 
 
Figure 8: Black Carbon vs. PM2.5 concentration (μg/m3) illustrated 
by fuel type 
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between PM2.5 and BC concentration is displayed in Figure 8. It is noteworthy that a 
nonlinear trend appears to exist as PM2.5 concentration increases, keeping in mind the small 
sample size. 
Multiple studies have reported BC to PM ratios. For example, Rau (2007) reported 
elemental carbon values from wood smoke particles ranging from 3 to 38%50, while other 
studies of wood smoke have reported ratios that range from 8 to 53%52. Another study 
reported this ratio for a 24 hour integrated PM2.5 measurement to be from 6.3 to 7.6%
53. Our 
estimates agree well with published data, further validating estimates determined in 
laboratory and field settings.  
 
Limitations 
While a comprehensive effort was put forth, certain limitations exist. While we tried to 
keep combustion characteristics constant in the mock house, burn rate, air-fuel ratio, flame 
turbulence, and combustion temperature were not measured. These factors can influence 
particle size distribution. Another limitation present was that particle size distribution was 
not measured. Regarding determination of exfiltration, although particle size for combustion 
tends towards being extremely small, it is unknown the fraction of PM that may become 
lodged in cracks while exiting the house (where larger particles are more likely to become 
lodged). Future work should also seek to address the incorporation of activity patterns in 
real-world homes to assess if multiple family members within a home create changes in air 
exchange rates. Seasonality may also play a role in terms of certain fuel types being more 
prevalent and is an area that requires further exploration as sampling took place during one 
season (Spring). Mixing factor analysis was limited by a small sample size and an assessment 
conducted in a mock house. Although our findings indicated a mixing factor not statistically 
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different from 1, a larger sample size will provide more confidence in this result. 
Furthermore, additional tests assessing mixing are needed in occupied homes to assess 
variability across housing type. With regards to evaluation of BC, several limitations existed. 
Due to extremely high PM concentrations witnessed, oversaturation for the BC analysis 
occurred. In addition, all data collected for BC analysis was conducted utilizing a simulated 
cooking event (water boil test) and further assessment over the course of actual cooking 
events is needed to assess the generalizability of the mock house testing. Finally, our testing 
was limited to one area and one stove type, thus results may not extrapolate to other areas 
and stoves. Data are needed on different housing stock, different stoves (traditional and 




This paper presents in situ PM exfiltration estimates from village homes in rural Nepal 
that utilize traditional, open-design cookstoves. The use of traditional, open-design 
cookstoves in village homes resulted in a 26% average PM exfiltration fraction (range from 
6% to 58%) due to natural ventilation. This value represents a significant departure from the 
theoretical estimate of 80% previously cited. A linear mixed effects model determined that 
window/door status was a significant predictor for exfiltration with an 11% increase in 
exfiltration when an opening was present, while fuel type was marginally significant. An 
average air exchange rate of 12 h-1 was found to be in the range published in previous studies 
conducted in village homes. In addition, the mixing factor analysis yielded a value of 0.76, 
which was not statistically different from 1, allowing for the assumption of perfect mixing. 
To our knowledge, the approach utilized to determine PM exfiltration in this low resource, 
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field-based setting has never been done before. Furthermore, this study agrees with other 














































4     Characterizing Particulate 
Matter Exfiltration Estimates 
for Intervention Cookstoves 











































Approximately 10% of all human energy use is expended by half the world’s population 
using biomass (i.e., wood, dried animal manure, and crop residue) for daily cooking and 
energy needs, most of which are in developing countries1–3. The use of inefficient, open-
design cookstoves that expel combustion byproducts directly into the indoor environment 
result in extremely high pollutant concentrations within the home4–6. Indoor air quality is of 
major concern in biomass burning homes as particulate matter concentration can range from 
ambient background concentrations to as high as 15 mg/m3 during cooking periods4,7,8. In 
addition, severe forest and environmental degradation is occurring due to harvesting of fuels 
(such as wood) and their resultant combustion byproducts10. The need to intervene in order 
to improve indoor air quality and health effects is clear3,7,9–14. As a result, organizations such 
as the Global Alliance for Clean Cookstoves of the United Nations Foundation15 have 
undertaken a massive effort to implement alternative stoves to reduce the health burden. In 
parallel, many studies have been conducted or are underway focusing on characterizing the 
pollutant reduction and health improvement associated with alternative stoves16. Many of the 
alternative cookstoves attempt to increase thermal efficiency, reduce fuel consumption, 
and/or include a chimney to redirect pollution outdoors. However, the potential for these 
interventions to degrade outdoor air quality is receiving little attention45. The redirection of 
pollutants outdoors via a chimney will increase health burden associated with outdoor air 
pollution and could exacerbate climate change. 
Climate change caused by the burning of biomass fuels is a major concern due to the 
production of black carbon (BC)17. A component of particulate matter (PM), BC is a 
short-lived climate-forcing agent and when emitted into the atmosphere can alter the 
overall hydrological cycle of a region or deposit on snow or ice and accelerate the 
 58 
melting process18,19. A region of particular concern for BC production from biomass fuel 
burning is the Indo-Gangetic Plain region19. Climate models have attempted to estimate 
the impacts of BC pollution20–24. PM and BC emission estimates (climate change model 
inputs) are subject to large uncertainty, subsequently leading to climate change and 
epidemiological prediction models having wide variability25. Developing a more 
comprehensive understanding of the contribution cookstoves play to these emissions, 
specifically from data collected in situ, is critical to contributing towards the 
development of more comprehensive emission profiles for this region. 
 PM emission factors for different stove designs have been estimated in laboratory 
settings26–28 and to a lesser degree in field conditions28,29. These emission factors can vary 
by 5-6 fold depending on fuel type26. For studies examining the impact of outdoor air 
quality, either on health or climate change, the source of concern is the house and stove 
together. Stove-based emission factors do not provide for a direct estimate of the 
amount of pollution leaving, or exfiltrating, from the house. The house, to a greater or 
lesser degree, provides a barrier to pollutants leaving or entering. A fraction of PM 
produced during cooking events will settle and deposit on surfaces indoors, including 
cracks within the walls of the house. Remaining PM can escape to the exterior 
environment either via direct (chimney) or indirect (natural ventilation) routes. 
Developing estimates for PM fraction exiting to the exterior from village households 
during cooking will contribute towards the reduction of uncertainty in emission profiles. 
Little is known about air exchanges and pollution exfiltration from homes in low and 
middle-income countries (LIMC) utilizing traditional stoves. Furthermore, even less is 
known about how cookstove interventions (i.e., use of a chimney), designed to improve 
the indoor environment, may exacerbate the degradation of outdoor air quality. With 
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regards to how much pollutant exfiltration may be occurring due to direct venting of 
cookstoves, a study by Grieshop et al. utilized PM concentration data from previous 
studies collected indoors and outdoors, along with a mass-balance approach, to estimate 
the fraction of a stove’s emission retained in a household10. With no bounds of 
uncertainty, they estimated that a fractional value of 0.3 (30%) of emissions are retained 
in the house, allowing us to infer that 70% of emissions from vented stoves exit the 
house via a chimney10. Additional studies have reported mixed results regarding the 
differences of stove efficiencies and PM emission factors for vented biomass stoves 
versus traditional stoves in field settings within developing countries2,29,30. Further study 
is needed to estimate the fraction of PM that remains indoors versus what is vented to 
the exterior for homes utilizing cookstoves with a chimney. 
The focus of this paper is to present exfiltration estimates of PM that exit to the 
outdoors via the combined indirect (natural) and direct (chimney) ventilation routes for 
alternative cookstoves being studied in a large, cookstove intervention trial in rural Nepal. 
Exfiltration estimates were determined in a real-world setting, with this work building upon 
PM and BC exfiltration estimates for traditional, open-design cookstoves31. Characterizing 
these estimates allows for homes to be treated as a source. Using exfiltration factors, PM 
emission rates could be determined based on measurements of indoor concentration, 
providing a more comprehensive assessment of the potential for alternative cookstoves with 







 The Department of International Health within the Johns Hopkins Bloomberg School 
of Public Health has a study site located in rural, southern Nepal. Situated within the Nepal 
Nutrition Intervention Project - Sarlahi (NNIPS), a parent cookstove intervention trial is 
underway. This community-based, cluster randomized, step-wedge trial is characterizing 
indoor PM exposure in ~3,000 homes from traditional and alternative cookstoves, assessing 
primary health outcomes that include acute lower respiratory illness in children 1-36 months 
of age (ALRI), as well as birth weight and preterm birth among newborn infants8. The 
NNIPS site, located in Sarlahi District, consists of 32 areas referred to as Village 
Development Committees (VDC’s), 4 of which are involved in the cookstove trial. Located 
in the Terai region of Nepal (on the border with Bihar State, India), Sarlahi is representative 
of southern Nepal and most of northern India with elevation approximately 200 meters 
above sea level8. The typical cooking style in the area involves the burning of biomass fuels 
(i.e., wood, dried animal manure, and crop residue) in traditional, open-design mud 
cookstoves without direct ventilation to the exterior8. Common in this area of Nepal, 
traditional stoves are made from clay, mud, bricks, rice husk, and dried cow dung32. The 
alternative stoves included in the parent study utilize the same fuel sources and 
methodological approach to cooking relative to traditional stoves. 
 
Alternative Stove Overview 
A traditional, open-design cookstove and four types of alternative stoves were utilized 
for this study (shown in Figure 1), all of which are part of the parent cookstove trial. The 
first alternative stove was a commercially constructed cookstove called the Envirofit 
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G3300/G3355 (Envirofit International, Fort Collins CO) and is referred to as Envirofit 
Stove Original Model or ESOM. This stove has a double pot attachment (the G3355 model) 
and a detachable chimney (produced by the NNIPS project), which allows for combustion 
byproducts to be directed to the exterior. This stove was designed in close cooperation with 
Oakridge National Research Laboratory, Colorado State University's Engines and Energy 
Conversion Laboratory, and the Shell Foundation (www.envirofit.org). Manufactured in 
China, it is comprised of alloy metal and the combustion chamber is made of ceramic33. As 
the parent cookstove trial was progressing, Envirofit slightly altered the design of the stove. 
The opening directly above the fire was centered and increased from 13.5cm to 19cm in 
order to “significantly improve the heat transfer to both the 1st and 2nd pots”34. Subsequently, 
the 2nd stove type studied was the manufacturer altered G3300/G3355 (referred to as 
Manufacturer Altered Envirofit Stove or MAES). All remaining Envirofit G3300/G3355 
stoves in stock at the field site were locally custom cut, making them the 3rd stove type tested, 
to match this design change (referred to as NNIPS Altered Envirofit Stove or NAES). The 
fourth type of alternative stove studied was a site specific, locally constructed, improved 
ventilated stove (referred to as Improved Mud Brick Stove or IMBS). This stove is made out 
of the same material as the traditional cookstove, has an access port for cleaning purposes, 




Mock Home Sampling 
In order to estimate PM exfiltration in a real-world setting, a mock house was built in 
Sarlahi District, Nepal (shown in Figure 2). This house was representative of a household 
kitchen in this area. Homes in this region are typically comprised of wood, mud, brick or 
cement walls with thatch roofs8. The mock house included a 1-room floor plan with a 
closeable window and door. Housing material was made of bamboo with mud, logs, and tree 
branches, while roof material was split between tile and thatch/grass. House dimensions 
were length 3.85m, width 4.65m, ground to lowest roof point 1.8m, ground to roof apex 
2.7m, window length and width 0.6m (on the back wall), and doorframe 1.28m width by 
1.64m height (located on the front wall). The window and door had a hinged, wood-framed 
Figure 1: Stove types used for comparison. Top left: Traditional, open-design mud brick stove. 
Top right: Improved mud brick stove with chimney. Bottom left and right: Envirofit 
G3300/G3355 model stove (original model/manufacturer altered/NNIPS altered) 
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metal panel that permitted for opening and closing these features. All stoves were placed on 
the back wall of the mock house for their respective tests. 
For this study, measurements consisted of real-time PM measured using a passive 
nephelometer (DataRAM pDR-1000AN, Thermo Scientific, Franklin, MA), real-time carbon 
monoxide (CO) concentration (EasyLog USB CO Monitor, Lascar Electronics, Eerie, PA), 
and relative humidity (RH) using the HOBO Data Logger (Onset Corp., Bourne, MA). All 
of these devices were co-located, collected before, during, and after simulated cooking 
events (discussed below), and recorded in 10-second intervals. The pDR-1000 was zero 
calibrated using procedures recommended by the manufacturer in the field prior to each 
deployment. For quality control and assurance purposes, 10% duplicate samples were 
collected. 
Two fuel types, wood and a mixture of wood/dried animal manure/crop residue, were 
utilized during simulated cooking events. Fuel sources were obtained from the same area, by 
the same person, and sun dried to standardize moisture content. The same individual 
conducted all of the simulated cooking events. Two boundary conditions were also included, 
where both the window and door were either completely open or closed during testing in the 
mock house.  
Figure 2: Mock house built in study area 
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Alternative Stove Exfiltration Fraction Test: Method and Protocol Development 
For homes with traditional, open-design stoves, PM exfiltrates passively (referred to as 
an indirect pathway) through open windows/doors as well as through cracks in walls and 
roofs (PMO and PMN in Figure 3). For stoves with a chimney, an additional direct pathway 
of exfiltration exists through ductwork during cooking (PMC in Figure 3). This pathway is 
not likely to be a significant exfiltration route during non-cooking periods. The combination 
of the indirect and direct ventilation pathways during cooking result in an overall exfiltration 
for PM according to Equation (1) and depicted in Figure 3.  
                               PME = PMO + PMN + PMC                   (1) 
Where PME represents overall PM exfiltration, PMO is exfiltration through open 
windows/doors (indirect ventilation), PMN is exfiltration due to porous openings in the walls 
or roof (indirect ventilation), and PMC 
represents exfiltration via a chimney 
(direct ventilation). Methodology for 
exfiltration determination for indirect 
ventilation has been previously 
described for assessment of traditional, 
open-design cookstoves31. 
Prior to any testing, air sampling 
equipment was hung in the center of the house at a distance of 1m in front from the edge of 
the stove and 1.8m off the floor to maintain consistency between readings. A simulated 
cooking session consisted of creating a controlled fire within the stove in order to generate 
elevated concentrations of PM and CO within the mock house that were orders of 
magnitude above background. The cooking event mimicked local cooking practices and a 
Figure 3: Routes of PM exfiltration for a village home 
utilizing an alternative stove with chimney 
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modified version of the Water Boiling Test (WBT) 3.0 was utilized35. A cooking session was 
simulated by bringing 2 pots of water (5 Liters in each) to a rolling boil from ambient 
temperature. For all alternative stoves, after one side reached boiling point, pots were 
switched so that the second pot could reach boiling point. The fire was then extinguished 
and remnant fuel removed from the house to halt additional emissions from being produced. 
PM, CO, and RH sampling were initiated 30 minutes prior to the cooking session and 
continued for an additional two hours post-fire extinguishment. Air exchange rates were 
calculated for PM and CO concentration decay curves post-fire extinguishment, and 
exfiltration fraction due to indirect ventilation was determined utilizing a previously 
established method where the ratio of the slopes of the linearized CO to PM decay curves 
were calculated31. Improved Mud Brick Stove and all Envirofit Stove model tests were 
performed during the Spring of 2013. Traditional, open-design stove tests were performed in 
the Spring of 201231. This time of year is considered the dry season as the outdoor 
temperature is moderate to high and there is minimal rain and humidity is low. 
 
Analysis for PM Reduction and Overall Exfiltration 
While it is conceivable that emissions expelled by the chimney can be directly measured, 
there are many practical difficulties associated with this. Therefore, chimney exhaust losses 
(direct ventilation) were estimated as the difference in average indoor PM concentration 
using the alternative cookstoves with and without a chimney. Specifically, the comparison 
included the Envirofit Stove Original Model without a chimney against all three Envirofit 
stoves with a chimney (Original Model, Manufacturer Altered, and NNIPS Altered). These 
three models were assumed to be similar without chimney, therefore, a comparison of each 
one with and without a chimney was not performed. The Improved Mud Brick Stove with 
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chimney was compared to the traditional, open-design mud brick stove and was assumed to 
be similar in efficiency. 
In order to determine the reduction in indoor PM due to chimney use, a multiple linear 
regression equation was utilized. The equation assumed the form: 
                                   Ln(C) = β0 + β1×Stove type + β2×Window/Door status  
  + β3×Fuel+ ε, where ε ~ N(0,σ
2)                                (2) 
Where C is the average PM concentration during cooking, β1 represents the natural log 
change in concentration due to stove type, β2 is the natural log change in concentration due 
to window/door status, and β3 is the natural log change in concentration due to fuel type. 
Two comparisons were conducted utilizing this equation. The first comparison was 
performed using only data involving the Envirofit stoves. This included the Envirofit Stove 
Original Model without chimney, Envirofit Stove Original Model with chimney, 
Manufacturer Altered Envirofit Stove with chimney, and NNIPS Altered Envirofit Stove 
with chimney. The original model without chimney was set as the reference for analysis. The 
second comparison was performed using only data for the traditional, open-design stove and 
Improved Mud Brick Stove with chimney, with the traditional stove set as the reference. 
Performing the comparisons in this manner accounted for the design of the stove types, thus 
focusing the evaluation on the chimney’s impact upon PM reduction. The resulting 
exponentiation of the stove type Beta coefficient (β1) from the regression analyses 
represented the fractional change in PM concentration attributable to use of a chimney. 
Furthermore, taking 1 minus this fraction yielded the average reduction in PM concentration 
due to implementation of a chimney, which was converted to a percent.   
Utilization of a chimney removes PM via the direct ventilation route. However, the 
remaining PM indoors, although reduced in concentration due to use of a chimney, will 
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deposit on surfaces as well as exit the house via routes of indirect ventilation. In order to 
determine the amount of PM that leaves a house via indirect ventilation, additional methods 
had to be utilized. Exfiltration fraction through routes of indirect ventilation, cracks and 
window/door (PMO + PMN from Equation (1)), was calculated for each test post-fire 
extinguishment using the ratio of the linearized CO to PM decay curve method briefly 
mentioned within the Protocol Development section and described in further detail by Soneja et 
al31. The exfiltration values were then subtracted from 1 in order to represent the fraction of 
PM remaining indoors. This relationship is displayed in Equation (3).  
                                          PMfin = 1 – Exfiltration Fraction                                     (3) 
Where the exfiltration fraction represents the fraction of PM exiting the house due to 
indirect ventilation and PMfin is the fraction of PM remaining indoors. In order to determine 
the average PM concentration during cooking that remained in the home after accounting 
for routes of indirect ventilation, PMfin was multiplied by the average PM concentration 
during cooking for all tests that utilized a stove with chimney. This relationship is expressed 
as: 
                                          AdjCSC = PMfin × C                                           (4) 
where C is the average PM concentration during cooking for stoves with a chimney, PMfin is 
the fraction of PM remaining indoors, and AdjCSC is the average PM concentration during 
cooking that remains indoors for stoves having a chimney. Furthermore, AdjCSC represents 
the average PM concentration indoors after accounting for both direct and indirect 
ventilation for stoves utilizing a chimney. The traditional stove and Envirofit Stove Original 
Model without chimney did not have their average indoor PM cooking concentrations 
adjusted to allow for a comparison of the alternative stoves with chimney against their 
respective baseline stove. Specifically, the comparison conducted sought to establish the 
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overall exfiltration percentage of PM removed from the house after accounting for direct 
and indirect routes of ventilation (PME in Equation (1) and Figure 3). Using AdjCSC for the 
stoves with chimney and the unaltered average PM concentration (C) for the traditional and 
Envirofit Stove Original Model without chimney, multiple linear regression was used in 
order to assess the total fraction of PM removed from the house via the combined routes of 
direct and indirect ventilation. The regression equation took the form: 
                              Ln(AdjCSC+C) = β0 + β1×Stove type + β2×Window/door status  
                               + β3×Fuel type + ε, where ε ~ N(0,σ
2)                (5) 
where AdjCSC+C represents the average PM concentration during cooking that remains 
indoors for stoves having a chimney as well as the unaltered average PM concentration 
during cooking for the traditional stove and Envirofit Stove Original Model without 
chimney. The remaining covariates (window/door status and fuel type) as well as the 
interpretation of the Beta coefficients are the same as described from Equation (2). Two 
comparisons were conducted utilizing Equation (5). The first comparison was performed 
using only data involving the Envirofit stoves. This included the Envirofit Stove Original 
Model without chimney, Envirofit Stove Original Model with chimney, Manufacturer 
Altered Envirofit Stove with chimney, and NNIPS Altered Envirofit Stove with chimney. 
The original model without chimney was again set as the reference for analysis. The second 
comparison was performed using only data for the traditional, open-design stove and 
Improved Mud Brick Stove with chimney, with the traditional stove set as the reference. 
Performing the comparisons in this manner accounted for the thermal efficiency of the 
stove types, thus focusing the evaluation on the impact that indirect and direct ventilation 
have on PM reduction. The resulting exponentiation of the stove type Beta coefficient (β1) 
from the regression analyses represented the fraction of change in PM concentration 
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attributable to indirect and direct ventilation. Furthermore, taking 1 minus this fraction 
yielded the overall exfiltration fraction (PME) after accounting for direct and indirect 
ventilation, which was converted to a percent.  
In order to assess if the Improved Mud Brick Stove with chimney overall exfiltration 
percentage was statistically different from the traditional stove overall exfiltration percentage, 
traditional stove PM concentration data were adjusted for exfiltration due to indirect 
ventilation using Equation (4). Another regression analysis was conducted using Equation 
(5) for all adjusted data for both the Improved Mud Bick Stove with chimney and the 
traditional stove, subsequently generating a p-value that was reported. Likewise, to assess 
significance and generate a p-value for the Envirofit stove comparisons, the Envirofit Stove 
Original model without chimney PM concentration data was adjusted using Equation (4) and 
a similar regression analysis performed using Equation (5) for all adjusted data for this stove 
type along with the Envirofit models utilizing a chimney. 
All statistical analyses were performed in the R Statistical Computing Environment 
(Version 3.0.2; 2013-09-25). Packages used for data analysis were chron36, car37, agricolae38, 
lattice39, and plyr40. 
 
Results and Discussion 
An assessment of the amount of PM reduction due to inclusion of a chimney 
(exfiltration due to direct ventilation only) across similar stove types and for the amount of 
overall exfiltration (due to direct and indirect ventilation) is provided in Table 1. Examining 
the Improved Mud Brick Stove relative to the Traditional stove, implementing a chimney 
resulted in an average (95%CI) PM reduction of 18% (-66, 59) with p-value=0.568. The 
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confidence interval is interpreted as the Improved Mud Brick Stove with chimney goes from 
a 59% decrease in PM concentration to a 66% increase in PM concentration. The confidence  
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*No chimney present, therefore exfiltration only due to indirect (natural) ventilation 
†As defined by Equation (1) (PMO + PMN + PMC) 
a = Values extracted from previous study examining exfiltration fraction for traditional, open-design mud 
brick stoves in a mock house(31)  
interval and p-value indicate that there is no statistically significant difference for reducing 
indoor PM concentration when using the Improved Mud Brick Stove with chimney relative 
to what is currently used in standard practice (traditional mud stove). It should be 
emphasized that this assumes thermal efficiency is similar between these stove types. 
Furthermore, examining the change in overall exfiltration percentage, the combination of 
indirect and direct ventilation pathways, use of the traditional stove yielded an average 
(95%CI) overall exfiltration of 23% (16, 30)31 while the Improved Mud Brick Stove resulted 
in an increase to 56% (14, 78) of PM exiting the house. Traditional stove exfiltration values 
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were determined in the mock house via a previous study by Soneja et al.31 and are only 
subject to indirect ventilation routes as the traditional stove does not have a chimney. 
Evaluating overall exfiltration percentage between the traditional stove and Improved Mud 
Brick Stove with chimney did not yield a statistically significant difference (p-value of 0.115). 
Average (SD) concentration measured indoor before accounting for indirect ventilation for 
the traditional stove was 5702 μg/m3 (6526) and 3606 μg/m3 (2190) for the Improved Mud 
Brick Stove with chimney.   
Table 1 also provides a comparison for all Envirofit stoves previously described. The 
Envirofit Stove Original Model with chimney resulted in an average (95%CI) PM 
reduction of 71% (54, 82) relative to the Envirofit stove without chimney (p<0.001). 
Likewise, relative to the same reference stove, average (95%CI) PM reduction for the 
Manufacturer and NNIPS Altered Envirofit Stoves were 36% (-5, 61) and 42% (6, 65), 
respectively. While the former displayed marginal statistical difference from the Envirofit 
stove without chimney (p=0.078), the percentage reduction in PM concentration due to 
chimney was very similar to the NNIPS Altered Envirofit Stove that was significant 
(p=0.029). Corollary to this, combined overall exfiltration percentage followed a similar 
trend. The Envirofit stove with no chimney had an overall mean (95%CI) exfiltration of 
35% (21, 57), while the chimney inclusive Envirofit Stove Original Model, Manufacturer 
Altered, and NNIPS Altered yielded values of 84% (74, 90), 62% (35, 78), and 62% (36, 
78), respectively. The Envirofit Stove Original Model with chimney had an overall 
exfiltration percentage that was statistically different than the Envirofit Stove Original 
model with no chimney (p< 0.001), indicating a large amount of PM is redirected to the 
exterior for Envirofit stoves through the chimney for the original model after accounting 
for indirect ventilation. Marginal statistical difference was seen for overall exfiltration 
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percentage between the Envirofit Stove Original Model with no chimney and the 
Manufacturer Altered (p=0.063) and NNIPS Altered (p=0.058) Envirofit stoves with 
chimney. In addition, mean (SD) concentrations measured indoor prior to accounting 
for indirect ventilation were 2543 μg/m3 (1611) for the Envirofit Stove Original Model 
without chimney, 705 μg/m3 (414) for the Envirofit Stove Original Model with chimney, 
1451 μg/m3 (740) for the Manufacturer Altered Envirofit Stove with chimney, and 1360 
μg/m3 (685) for the NNIPS Altered Envirofit Stove with chimney.  
The differences of PM concentration during cooking and overall exfiltration 
percentage for the altered Envirofit stoves relative to the Envirofit Stove Original Model 
with chimney are striking. The altered Envirofit stoves higher PM concentrations and 
lower overall exfiltration percentage suggest that the larger pot openings, while 
improving the cooking performance, may direct less PM into the chimney. Rather, PM 
may be escaping from the increased size of the opening, subsequently entering the 
indoor environment. It should be noted that the Envirofit Stove Original Model with 
and without chimney cook time was capped at 30 minutes and never reached boiling 
point. These stoves were tested first and it was thought necessary to conserve fuel, but 
upon completion of these tests it was noted that doing so was not necessary. This may 
have been a contributor to measuring lower PM concentration indoors during cooking 
for the Envirofit Stove Original Model with chimney. Further research is necessary to 
assess the differences with respect to the altered stoves’ efficiency. 
The covariates fuel type and window/door status were assessed in the regression 
models evaluating PM reduction due to chimney and overall exfiltration (Equations (2) 
and (5)). Neither of these covariates were found to be significant predictors of PM 
concentration. 
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Between testing for all stoves, the characteristics of the mock house itself (i.e., 
volume, surface type) did not change. Therefore, exfiltration fraction due to indirect 
ventilation regardless of stove type was expected to be similar. Average (SD) exfiltration 
fraction due to indirect ventilation was 40% (21) for the Envirofit Stove Original Model 
with chimney, 38% (16) for the Manufacturer Altered Envirofit Stove with chimney, and 
33% (14) for the NNIPS Altered Envirofit Stove with chimney. Furthermore, the 
average (SD) exfiltration fraction due to indirect ventilation for the Improved Mud Brick 
Stove was 45% (13). A Bartlett’s test was conducted to assess exfiltration fraction due to 
indirect ventilation across all stove types presented. No statistical difference was found 
(p=0.624), aligning with expectations that mock house characteristics remained similar 
from test to test thereby not impacting indirect ventilation. 
Additional analysis was conducted to assess whether there were differences in 
average PM concentration between the Envirofit Stove Original Model without chimney 
and traditional stove. Assessing the change in average PM concentration during cooking 
between these stoves contributes to an additional understanding of the efficiency 
between them. Regression analysis using Equation (2) for these two stove types found 
average (95%CI) indoor PM concentration to be 43% (-9, 70) less for the Envirofit 
Stove Original Model without chimney (p=0.088). This reduction in PM concentration 
for the Envirofit Stove Original Model without chimney, although marginally statistically 
significant, represents the potential difference in thermal efficiency for this stove model 
relative to the traditional stove. Fuel type and window/door status covariates were not 
found to be significant in this analysis. 
The increase in overall exfiltration for stoves with chimneys highlights how much more 
PM is redirected to the atmosphere due to the use of ventilated cookstoves. Overall PM 
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emitted however may also be reduced with the use of more efficient stoves. It is important 
to recognize, however, that these stoves may burn at higher combustion temperatures, thus 
shifting the size distribution towards an increase in production of ultrafine emissions which 
includes black carbon16,41. The amount of PM2.5 comprised of black carbon measured in 
traditional stoves using similar fuel sources from a previous study at this location ranged 
from 17.6% to 68%31. However, with the potential for higher combustion temperatures in 
alternative stoves, this range may shift such that BC comprises a larger proportion of PM 
emitted. In addition to a higher proportion of BC being created, an increase in production of 
ultrafine particles is of potential concern because they can be carried farther distances 
relative to particles of larger size42,43. Another important aspect to consider is that even if 
overall emissions are reduced through the use of alternative stoves such as those presented, 
the increase in overall exfiltration percentage may negate the benefits provided with reduced 
indoor emission production as more PM is redirected towards the exterior relative to 
traditional stoves increasing the ambient air pollution burden. Assessing how the alternative 
stoves behave with regards to fuel usage and cooking time are also important considerations. 
For example, in a recent study, Envirofit stoves were found to result in fuel savings for the 
weight of fuel used per weight of food cooked, however cooking time increased33. Other 
studies have shown inconsistent trends for fuel usage and cook time for alternative stoves2,44. 
Therefore, if the stove needs to be used for longer periods of time, this may negate any fuel 







This study did not examine certain combustion aspects while evaluating the simulated 
cooking test. Items not measured included burn rate, air-fuel ratio, flame turbulence, and 
combustion temperature. In addition, changes that might be due to combustion efficiencies 
were not taken into account for the Improved Mud Brick Stove, Manufacturer Altered 
Envirofit Stove, and NNIPS Altered Envirofit Stove. Larger sample sizes are needed for all 
stove types in order to better assess the significance of results that were determined to be of 
marginal statistical significance. Future work should also seek to address the incorporation of 
real-world homes and cooking with actual foods.  
 
Conclusion 
The use of alternative cookstoves in a village-like home resulted in a higher overall 
average exfiltration percentage due to direct and indirect ventilation. Relative to the average 
overall exfiltration percentage for the Envirofit Stove Original Model without chimney 
(35%), average overall exfiltration percentage was 84% for the Envirofit Stove Original 
Model with chimney (p-value<0.001), 62% for the Manufacturer Altered Envirofit Stove 
with chimney (p-value=0.063), and 62% for the NNIPS Altered Envirofit Stove with 
chimney (p-value=0.058). For the traditional, open-design cookstove, average overall 
exfiltration from a previous study in a village-like home was determined to be 23%31. 
Relative to the traditional stove, the locally made Improved Mud Brick Stove with chimney 
had an average overall exfiltration of 56%, but was not significantly different (p-
value=0.115). 
The large contrast in overall exfiltration between the traditional stove versus alternative 
stoves highlights the need for an improved understanding of the climate benefits that are 
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believed to come about from implementing such options on a large scale. More research is 
needed to address the impact of shifting the exposure burden from indoors to outdoors. 
Consideration needs to be given to investing in interventions such as propane or biogas that 
will reduce overall pollution rather than shifting the health effects to ambient air pollution 










































5     Ambient PM2.5 and Black 
Carbon: Characterization and 
Assessment for Cookstove 










































Figure 2: Diurnal pattern of black 
carbon in a rural Indian village1 
 
Background and Project Goals 
Characterization of ambient PM2.5 and black carbon (BC) concentration during periods 
of cooking and non-cooking at the village level is needed to provide proper regional 
estimates of PM emissions for future climate change, exposure, and epidemiological 
applications. Previous chapters have established PM and BC exfiltration estimates for 
traditional and improved stoves with a chimney at the household level. In addition, the 
development of an integrated quality control method (Chapter 2) to adjust nephelometric 
PM values for humidity and gravimetric equivalency sets the stage for comparing PM2.5 
between the interior and exterior environments. In order to build on these efforts, future 
work must focus on developing estimates for local-level ambient emissions created by the 
use of cookstoves. Characterizing local small-scale ambient PM2.5 emissions will allow for the 
development of a PM2.5 and BC spatial model to predict cookstove related emissions at 
unsampled locations in rural areas. 
Limited research has been conducted examining ambient small-scale spatial variation of 
BC in low resource environments at village scale. Furthermore, limited measurements exist 
examining the indoor to outdoor spatial relationship of BC during cooking events within 
villages. A recent study conducted in northern India found a diurnal association of ambient 
BC that coincided with indoor biomass cooking during the morning and evening meal 
preparation periods (shown in Figure 1)1. However, 
this study utilized a single outdoor air sampler to 
represent BC across the entire village area, limiting 
the study’s ability to understand small-scale spatial 
variation. Most studies that assign BC emissions 
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originating from indoor biomass studies are based upon source apportionment models, 
controlled lab experiments, satellite imagery analysis, and theoretical calculations2–4. 
Understanding the ambient BC contribution from traditional and alternative cookstoves is 
needed to validate existing climate models and make effective decisions with regards to 
improved cookstove design replacement programs. 
The work presented in this chapter is nested within a parent cookstove intervention trial, 
embedded within the larger effort known as the Nepal Nutrition Intervention Project Sarlahi 
(NNIPS), and revolves around two main objectives. The parent cookstove trial is a 
community-based, cluster randomized, step-wedge trial, characterizing indoor PM exposure 
in ~3,000 homes from traditional and alternative cookstoves in order to assess primary 
health outcomes that include acute lower respiratory illness in children 1-36 months of age 
(ALRI), as well as birth weight and preterm birth among newborn infants5. This trial is being 
conducted in four adjacent Village Development Committee (VDC) areas (Pipariya, Pidari, 
Laxmipur, and Kabalasi) within Sarlahi District, Nepal. The first objective of the research 
presented in this chapter is to characterize outdoor PM2.5 and BC concentration during 
cooking and non-cooking periods across the four VDC’s using tools from the field of spatial 
statistics. To perform this characterization, outdoor air samples were collected across these 
VDC’s in order to measure PM2.5 concentration during cooking and non-cooking periods. 
The second objective is to assess the indoor to outdoor relationship of PM2.5 and BC due to 
cooking with biomass fuels. For the second objective, indoor PM data from the ~3,000 
homes participating in the parent cookstove trial will be utilized. Implementing quality 
control methods developed in Chapter 2 to convert nephelometric PM values to PM2.5 
equivalents along with exfiltration estimates presented in Chapters 3 and 4, cookstove 
emissions from homes in the study will be used as point sources and allow for an assessment 
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of household emissions to the outdoor environment. The completion of these objectives will 
provide preliminary results supporting the creation of a spatially predictive model for 
ambient PM2.5 and BC produced by traditional and improved cookstoves across these 4 
cookstove VDCs. Spatial prediction models have not been utilized in this region of the 
world for village scale applications, thus setting the stage for shifting the existing paradigm 
on how outdoor BC emissions are evaluated. 
 
Sampling Methodology 
Spanning from October 8th, 2012 to February 28th, 2013, outdoor integrated PM2.5 
samples were collected in each of the 4 cookstove VDC’s. Each site was sampled once over 
the study period during the morning cook session, and again at midday in order to ascertain 
background levels. Each session involved collecting data for 1.5 hours. An additional 10% of 
samples were collected during the 
evening cooking period so that 
PM2.5 concentration could be 
compared between morning vs. 
evening cook sessions. 
Sampling equipment consisted 
of a PM2.5 inlet (BGI, Waltham, 
MA) with a Teflon filter (37mm 
2.0µm pore PTFE Membrane 
Filter w/ PMP ring Pel Life Sciences, Ann Arbor, MI) connected to a battery operated 
sampling pump (5400 BGI Inc., Waltham, MA) running at a flow rate of 4 L/min. Flow 
rates were recorded before and after sampling at each VDC’s field office using a Drycal 
Figure 2: Map of cookstove VDC boundaries 
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Flowmeter (DC Light BIOS Intl., Butler, NJ). Filters were pre and post-weighed in a 
temperature and humidity controlled weigh room using a XP2U Microbalance (Mettler 
Toledo, Columbus, OH) located at the Johns Hopkins Bloomberg School of Public Health.  
Pre-weighed Teflon filters were loaded into polypropylene filter cassettes (SKC Inc., Eighty 
Four, PA), along with Filter pads (Pall Life Sciences, Ann Arbor, MI) and 37mm drain discs 
(Model #230800 Air Diagnostics and Engineering, Harrison, ME) at the Harioun clinic in a 
field-developed clean box to minimize contamination during assembly. Upon completion of 
sampling, filter cassettes were sealed in plastic bags until returned to the United States where 
they were disassembled and post weighed. For quality control and assurance purposes, 10% 
duplicate samples were collected and all filter weights were blank corrected. In order to 
ascertain BC concentration, Teflon filters underwent an optical analysis technique at 
Columbia University6. 
VDC borders were mapped (see Figure 2) and populated areas identified in order to 
design a sampling plan that would locate a higher number of sites in high-density housing 
areas. This was done for the dual purpose of sampling in areas of potential high BC 
production as well as logistical limitations. Large sections of VDC’s are rice patties or 
sugarcane fields, therefore inaccessible by vehicle or consistent footpaths. Ease of access was 
an important factor in order to ensure that the field team could travel between sites in a 
timely manner during sampling. Samplers were placed at predetermined GPS coordinates 
that were based upon size of VDC, location of populated areas, presence of roads, and other 
Table 1. Sample site information by VDC 
VDC Area (km2) 
Total Number 
of Sample Sites 
Number of 
Days Sampled 
Date Range Sampled 
Pipariya 4 40 10 10/8/2012 to 10/19/2012 
Pidari 4 40 10 12/17/2012 to 12/28/2012 
Laxmipur 9 56 14 1/21/2013 to 2/05/2013 
Kabalasi 10 44 12 2/11/2013 to 2/28/2013 
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potential BC sources (i.e., brick kilns). Each cookstove VDC geographic area ranged 
between 4 to 10 km2. Area, number of sites, and duration of sampling for each VDC are 
shown in Table 1.  
Due to equipment and personnel limitations, samples were limited to four sites per day. 
Sampling moved progressively from north to south within each VDC, with each day having 
new sites until all locations had 
been covered. A 5th sampler was 
located at the VDC area 
centroid for every day of 
sampling in order to assess and 
potentially adjust for any 
temporal relationship that may 
exist due to samples being 
collected across multiple days. Samplers were placed on bamboo fashioned tripods to 
standardize height measurements (~1.8m) across locations and were started and stopped at 
the same time. Other items noted were distance to major roads and point sources (i.e., brick 
kilns), as well as meteorological patterns. Meteorological data, including wind speed, wind 
direction, temperature, rainfall, and humidity, was recorded using an MK-III weather station 
(Rainwise Inc., Trenton, ME), located on the roof of the Harioun clinic. In addition, traffic 
counts were hand recorded during sampling at each site.  
 
Challenges to Ambient Sampling in a Low Resource Setting  
Conducting outdoor air sampling in a rural setting within a low-income country had 
many challenges. The field sampling team was structured such that five people (locally hired) 
Figure 3: Images of field staff conducting sampling and 
weather station (bottom right) at Harioun clinic 
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were stationed at each of the sites to monitor the equipment during sampling. In addition, 
one NNIPS staff member went between sites on motorbike in order to ensure protocol 
compliance, address equipment issues, and conduct random inspections of the local staff (i.e., 
ensure no one had abandoned their post). Determining locations of sample sites allowing for 
this paradigm was challenging. Ideally, sampling points would be spread equidistant 
throughout each of the VDC’s in order to maximize spatial coverage. However, this was not 
possible given that huge swaths of farmland, rivers, and other obstacles prevented accessing 
many sites in a practical and timely manner. Therefore, sites were concentrated in areas of 
high population density and near thruways, with less priority given to sampling in farmlands. 
Hiring locals from the different VDCs, where unemployment is high, also proved to be 
challenging. Hiring criteria included having a mobile phone, being able to read and write 
sampling times as well as traffic counts, have a method of transportation (e.g., bicycle), and 
be trustworthy. During sampling of the first VDC (Pipariya), the local community raised 
many questions about the criteria for our hiring practices. Questions were usually in the 
context of why one of their own family members or friends had not been hired. When 
sampling commenced in the next VDC (Pidari), two staff members from the previous VDC 
were retained because of familiarity with the protocol and equipment. This community 
objected to staff being hired from outside their VDC, however, no action was taken. For 
sampling in the 3rd VDC (Laxmipur), the same two staff members were again retained with 
objections from this community also being raised. However, unlike the previous VDC where 
locals took no action, on the 2nd day of sampling in this VDC, a large crowd gathered outside 
the NNIPS VDC field office and protested the retention of staff. The crowd took measures 
to prevent any additional work from being completed as well as insisted they would limit 
other NNIPS ongoing operations within the community. The crowd demanded that all 5 
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staff members on the team be dismissed and workers from the local VDC be hired 
regardless of the fact that the study had already begun. Eventually, a compromise was 
reached where all 5 workers were released and a lottery system implemented to randomly 
hire 5 new workers, all from the local VDC. This experience highlighted the need to keep 
open lines of communication and maintain positive, transparent relationships with the 
community where sampling is being conducted in order to quickly resolve issues that may 
arise while conducting research.  
 
Preliminary Results 
The completed ambient sampling of the four VDCs with locations of sample sites 
identified is shown in Figure 3. Locations where samples are concentrated indicate areas of 
high-density housing. Furthermore, VDC centroids, where PM2.5 measurements were taken 
everyday in the respective VDC, are marked. It should be noted that a small number of 
sample sites fell just outside the identified borders of a VDC. This was allowed for logistical 
reasons, primarily to 
ensure easy access to 
the site for the field 
staff. All sites were 
sampled during the 
morning and midday 
to measure cooking 
and background PM2.5 
concentration 
Figure 4: Sample site location map by VDC, with number indicating day 
sampled. Starting from bottom left, VDC names going clockwise are 
Pipariya, Pidari, Laxmipur, and Kabalasi. 
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respectively, with a small subset of sampling performed during the evening cooking session. 
VDC Laxmipur had the largest number of samples taken due to having a large area (9 km2) 
and having 4 brick kilns. Kabalasi had the second most sites sampled (44) because of an 
equally large area (10 km2), a major road going through it, and 3 brick kilns.  
Table 2. Centroid point measurements - Particulate Matter2.5 (PM2.5), Black Carbon (BC), 
and BC/PM2.5 Ratio Summary Statistics 
























































































































































































Centroid measurement summary statistics for PM2.5 concentration, black carbon 
concentration, and the percentage of PM2.5 that is comprised of BC, are presented by VDC 
and period of sampling in Table 2. Locations of centroid samples were in farmland areas, 
away from high-density housing locales. Across each VDC, a higher PM2.5 concentration was 
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expected for cooking periods relative to background levels. However, as seen in Table 2, this 
is not always the case (e.g., Laxmipur morning cooking vs. background period mean (SD) 
PM2.5 concentration is 150 μg/m
3 (65) vs. 158 μg/m3 (48)). This indicates other factors may 
be at play, including wind speed/direction or location of centroid relative to housing areas. 
Evening cooking statistics are also presented, with PM2.5 concentration in VDC’s Kabalasi 
and Laxmipur having lower evening concentrations relative to the morning cooking session, 
keeping in mind the small sample sizes of the evening session. Several filters from the 
evening samples had to be discarded due to filter cracking or mishandling of equipment. 
Mean BC concentration and BC/PM2.5 ratio were higher for morning cooking periods vs. 
background for all VDC centroid locations. Having the BC/PM2.5 ratio higher across all 
VDC’s for the cooking period indicates that cooking activities may influence the amount of 
BC present in ambient air. An additional assessment across sampling day of centroid PM2.5 
measurements for each VDC, separated by sampling period, is presented in Figure 5. The 
blue line indicates the morning cooking period, red line is background period, and black line 
is the evening cooking session. As seen in Figure 5, centroid PM2.5 concentrations are not 
consistent day to day. Furthermore, while the background period is expected to be 
consistently lower than the cooking periods, this is not the case. Other factors, such as wind 
direction/speed or presence of other sources, could be causing these inconsistencies. 
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Summary statistics for all sample sites aggregated (excluding the centroid measurement) 
across VDC and sampling period are presented in Table 3. With several sites located in or 
near high-density housing areas, PM2.5 and BC concentration, as well as the BC/PM2.5 ratio, 
is expected to be higher during cooking periods relative to background. As presented in 
Table 3, this is true for all concentration metrics across all VDCs, with the exception of the 
mean BC/PM2.5 ratio for the Laxmipur evening cooking session. The evening cooking 
session BC/PM2.5 average (SD) ratio of 11.7% (3.3) is only slightly lower than the Laxmipur 
background average (SD) of 13.2% (14.5), keeping in mind the smaller sample size for the 





Figure 5: Centroid PM2.5 concentration across sampling day, separated by VDC and sampling 
period.  
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Table 3. Sampling sites (excluding centroid) - Particulate Matter2.5 (PM2.5), Black Carbon 
(BC), and BC/PM2.5 Ratio Summary Statistics 

























































































































































































Figure 6 presents spread of all PM2.5 concentration data across sampling day, separated 
by VDC. Furthermore, categories of morning cook session (blue), background (red), 
centroid morning cooking session (grey), and centroid background (black) are presented. 
Evening cooking session was excluded due to the small sample sizes. In addition, the three 
highest PM2.5 concentration samples were excluded to allow for a clearer graphical display of 
the daily variation. The removed values all came from the morning cooking session, 
specifically from VDCs Pipariya (835 μg/m3), Pidari (946 μg/m3), and Laxmipur (820 
μg/m3). Generally, cooking periods appear to be higher than background levels, however, 
this can vary by VDC and sampling day, further indicating the need to account for other 
Figure 6: Background and morning cooking PM2.5 concentration* across sampling day by VDC 
and sampling period 
*Three highest PM2.5 concentration samples were excluded to allow for variation within graphical display to 
be discernable. Values excluded include morning cook session data from VDC Pipariya (835 μg/m3), Pidari 




factors when conducting future analysis.  
PM2.5 concentration, BC concentration, and the ratio of BC to PM2.5 can all be evaluated 
for spatial dependence. As a first-pass, efforts have focused upon examining spatial 
dependence of PM2.5 concentration. In order to assess spatial dependence for PM2.5 
concentration across all sampled sites, variogram analysis was performed using the classic 
estimator approach. Variogram analysis, restricted to half the maximum distance, is the 
standard approach and consistent with common practice to characterize small-scale spatial 
correlation7,8.  Figure 7 illustrates the use of a classic variogram estimator for the background 
and morning cooking periods by individual VDC with no adjustment made to the PM2.5 
concentration data. Figure 8 presents classic variogram estimators for the cooking and 
background periods across VDC with natural log adjusted PM2.5 concentration data. Log 
adjusting the PM2.5 data was done in order to assess if any difference would exist with data 
following a more normal distribution. Since the four cookstove VDC’s are in close proximity 
to each other, sample data from each VDC were pooled together to examine spatial 
dependence across the entire study site. Figure 9 presents classic variogram estimators for 
unadjusted and log adjusted pooled PM2.5 concentration data between the background and 
cooking periods. Centroid measurements were included in all of these analyses (Figures 7-9) 
by averaging across the sampling days in each VDC. 
Visual inspection of the variograms across unadjusted PM2.5 concentration vs. adjusted 
PM2.5 concentration data (Figure 7 and 8) present minimal change. Furthermore, background 
vs. cooking period variograms in Figures 7 and 8 indicate that in many VDC’s the spatial 
resolution for the samples collected and the number of sample collected may not have been 
adequate to detect spatial correlation. 
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Figure 7: Unadjusted PM2.5 concentration classical variogram estimators for background (left 
column) and cooking (right column) periods by VDC. 















































































































































































































































































































































































































































Figure 8: Natural log adjusted PM2.5 concentration classical variogram estimators for background 
(left column) and cooking (right column) periods by VDC. 
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In addition, examining Figure 9 across cooking or background period, whether 
unadjusted or log adjusted, a similar conclusion can be reached. 
However, further evaluation is necessary where samples located in high-density housing 
areas are parsed out from those in more rural locales. Beyond this, next steps for this analysis 
include evaluation of spatial correlation for BC and ratio of BC/PM2.5. Additional evaluation 
will focus upon various functions for variogram fitting across what has been analyzed as well 
as that proposed.  
 
Spatial Prediction Model Development 
Upon further variogram assessment, a spatial regression model will be developed in 
order to predict PM2.5 and BC concentration at unsampled locations across the VDC sites. 
This specific approach will utilize both ambient measured BC and exfiltration estimates 
(presented in Chapters 3 and 4) from the ~3,000 homes located in the cookstove VDC’s that 































































































Figure 9: Pooled PM2.5 concentration data classical variogram estimators for background (top row) 
and cooking (bottom row). Left column is unadjusted PM2.5 concentration data and right column is 
natural log adjusted PM2.5 concentration data. 
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are enrolled in the parent trial. The model approach that will be used is known in the 
geostatistical literature as universal kriging8–10, which is a regression model-based approach 
for optimizing spatial prediction. It can also be thought of as a linear prediction model with 
a mean structure that is nonstationary9. This spatial regression model has the general form:                                    
Y(s) = β0 + β1X1(s) + β2X2(s) +…+ βpXp(s) + ε(s), where ε(s) ~ N(0, Σ)               (1) 
where Y is the outcome variable at the specified location s, X1(s), …, Xp(s) are the covariates 
of interest indexed by location s, β’s are their associated effects, and ε(s) is the spatially 
correlated random error term (assumed Gaussian)11. The Σ component within the error term 
is the variance-covariance matrix for the residuals within the universal kriging model, which 
characterizes spatial dependence11. Inference for parameters in Equation (1), including both 
mean component β’s and parameters used to describe spatial variation in Σ are based on 
well-established geostatistical techniques7,9–11. Inference for Equation (1) is based on 
generalized least squares yielding best, linear, and unbiased predictors (BLUPs), with the 
optimality criteria of “best” defined to minimize mean-squared prediction error9. Possible 
data transformation to achieve normality for the regression assumption will be based on the 
Box-Cox family of power transforms, which has been successfully applied in the spatial 
setting12. 
The outcome Y(s) in Equation (1) will be ambient measured BC, while the primary 
covariate X1(s) are homes enrolled in the parent cookstove trial treated as point sources. 
Specifically, homes will provide point estimates by converting indoor nephelometric PM data 
to PM2.5 equivalents (utilizing quality control methods presented in Chapter 2). These data 
will be further combined with PM exfiltration and BC component estimates presented in 
Chapters 3 and 4. Locations of the sampled ambient BC and households are not spatially 
coincident. The household BC covariate X1(s) will therefore be defined as the average 
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(during daily cooking time) household BC measurement for households closest to each 
ambient sample location. Estimates are available for how often the improved cookstoves are 
being utilized, thus we can account for the impact of stove use compliance. How many 
“close” households to use will be determined based on prediction performance and 
subsequent spatial cross validation techniques7. Additional covariates that will be assessed for 
inclusion are wind speed, wind direction (as a categorical variable, thus allowing us to assume 
isotropy), temperature, relative humidity, population density, distance to potential point 
sources, and potential interaction between variables. Model analysis will follow standard 
statistical practices that will include model relevance (via AIC), examination of unusual 
outliers (via Cook’s distance score), correlation (via Pearson’s correlation coefficient), and 
assessment of covariate significance (for a p value <0.05). Furthermore, utilizing the centroid 
measurements of each VDC, temporal variation throughout the sampling period will be 
assessed via the construction of a temporal variogram, similar to what was used to assess 
spatial correlation. If deemed necessary, a temporal based covariate will be included within 
the statistical model to appropriately adjust for temporal variation within the sampling period 
of each VDC. The technique of cross validation will be utilized in order to assess model 
accuracy. Examples of this technique include utilizing a leave-one-out approach or 
withholding subsets of sampled BC outdoor data from the analysis and then predicting upon 
them given the remaining values9. Prediction maps will be created using ArcGIS 10.2.0 






Summary and Proceeding Work 
This study involves three main steps. First, ambient PM2.5 data were collected at 
numerous sites across the four VDC’s participating in the parent cookstove trial. Ongoing 
current work will characterize the spatial distribution of PM2.5 and BC over these VDC areas 
during morning cooking and background periods. Future work includes the development of 
a spatial model that will allow for the assessment of local scale PM and BC concentrations 
based on indoor to outdoor cookstove emissions. Furthermore, prediction of BC at 
unsampled locations across the four cookstove VDC’s will also be integrated into this model 
development. Projected publications stemming from this work include 1) Spatial 
Characterization of Black Carbon during Cooking and Non-Cooking Periods in Village 
Settings and 2) The Development of a Spatial Prediction Model for Village Level Ambient 
BC and PM2.5. This research sets the foundation to characterize the spatial distribution of 
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Since black carbon (BC) within the Indo-Gangetic Plain (IGP) is considered to be a huge 
source and major contributor to hydrological cycle change and glacial retreat, it is critical to 
address the need for improving inventories of BC emissions. Existing inventories within the 
IGP suffer from limited representation of rural sources, reliance on idealized or point source 
estimates, and the difficulty of distinguishing between bulk BC sources (cookstoves, kilns, 
etc.). Current projections also do a poor job of accounting for the amount of BC that 
actually makes it into the ambient air to affect local air quality and subsequently transported 
to climate sensitive regions. The future work suggested here focuses on the need for 
developing improved emissions inventories as well as understanding associated health and 
economic impacts related to emission transport. This need can be addressed by focusing on 
three main objectives. They are: 
1) Integrate a wider, geographically representative, field-based measurement strategy 
with satellite-derived data to estimate the contribution of cookstove-generated 
black carbon concentration across the IGP. 
2) Estimate transport of black carbon from the IGP to glaciated regions of the 
Himalayas using methods that are descriptive (remote sensing) and predictive 
(physically-based climate models). 
3) Project the regional impact on health and economic indicators based on direct 






Detailed Approach for Future Work 
Objective 1: Integrate a wider, geographically representative, field-based measurement 
strategy with satellite-derived data to estimate the contribution of cookstove-generated 
black carbon concentration across the IGP. 
  Remote sensing applications have enormous potential for air pollution assessment. 
Given constraints that limit air quality measurement, remote sensing applications provide an 
alternative to assess pollutant concentrations, particularly in areas of limited accessibility. 
This objective seeks to improve remote sensing applications by utilizing the geostatistical 
model (to be developed, outlined in Chapter 5) as a “ground truth”, in order to create an 
inference model utilizing satellite data. Furthermore, this objective will result in the 
generation of a spatially distributed inventory of BC emissions across the IGP, with a focus 
on difficult-to-characterize diffuse rural emissions. 
The most direct satellite measurement for generating an estimate of PM2.5 is aerosol 
optical depth (AOD), which is a measure of the light extinction by aerosol scattering and 
absorption in the atmospheric column1. AOD can be used as an input variable in statistical 
models to predict PM2.5 since it reflects the integrated amount of particles in the vertical 
column1–3. Moderate Resolution Imaging Spectroradiometer (MODIS), a satellite-based 
optical sensor, could be one of the providers of data for this purpose. MODIS is the 
preferred instrument since it provides daily global coverage in 36 spectral bands, ranging 
from 0.4μm to 14.4μm, at varying spatial resolutions4–8.  Currently, the highest resolution 
available for single MODIS images at the desired bands is 1km by 1km. MODIS provides 
products for various geophysical properties, including but not limited to aerosol properties. 
There are two satellites that collect MODIS data, Terra and Aqua, each providing daily 
snapshots at approximately 10:30am and 1:30pm (GMT +5:45), respectively. MODIS 
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aerosol product data have been validated via a series of ground based sun photometers called 
the Aerosol Robotic Network (AERONET)7.  
Even though the use of MODIS provides for the most direct approach to measure BC 
or PM2.5, other complimentary satellite sensors, measurements, and products can also be 
examined. Examples of other satellite instruments or measurements to include could be land 
cover type, vegetation index, surface albedo, near-surface humidity, and broadband visible 
and near-infrared radiance at sensor. In addition, the use of other indirect remote sensing 
approaches that are capable of estimating PM2.5 as a function of AOD could be considered. 
Being open to the use of several different satellites and their associated products will 
contribute to an increased likelihood of successfully achieving this objective. 
Since all satellite data sources provide some type of measurement value for each pixel 
(image), it will be necessary to alter the spatial prediction model from Chapter 5 to generate 
an aggregated value that will line up with and match the resolution of the same boundaries as 
the data provided by the satellite imagery. This can be approached by aggregating the values 
in the prediction model via the methodology of block kriging. This method of kriging is 
applicable to predicting an average value associated with a certain region(s) of interest 
utilizing data from specific locations within that area9,10. Results from Equation (1) in 
Chapter 5 can be used to optimally predict the VDC spatially averaged cookstove generated 
BC. Block kriging9,10 empirically estimates the following quantity: 
                            (1) 
Where B represents a VDC region. Spatially averaged VDC BC can then be used to support 




Data Analysis Plan for Objective 1 
A multivariate linear regression (MLR) model will be developed that will utilize 
covariates that include satellite imagery products (e.g., measuring aerosol optical depth, 
surface albedo, land cover type, etc.) averaged over the data collection sample time frame 
discussed in Chapter 5. The response variable will be the predicted BC concentration at 
ground level generated from the spatial prediction model. The spatial prediction model will 
act as the “ground truth” for these aerosol constituents. Satellite imagery will be imported 
into ArcGIS 10.0.2 (ESRI Inc., Redlands CA) and averaged from an equivalent time period 
overlapping the field sampling campaign. Inclusion of other covariates such as population 
density, meteorological data, as well as interaction coefficients, will be assessed for this 
model in order to improve the model fit. Model fit will be assessed using standard statistical 
processes including correlation, model relevance (via AIC), and analysis of unusual outliers 
(via Cook’s distance score). Once a model has been developed, relevant covariates will be 
used in order to develop estimates of BC and PM2.5 across the rest of the IGP region. It is 
recognized that VDC level data collected from work conducted in Chapter 5 is not 
representative of ground truth across many parts of the IGP region, especially regions of 
heavy urbanization. Additional sensitivity analysis will be considered for this modeling 
approach. Further consideration will be given to the utilization of existing data sets in other 
parts of the IGP for creation of area-level estimates along with the collection of additional 
data in other parts of the IGP. All statistical analysis will be conducted in the R Statistical 
Computing Environment (Version 3.0.2; 2013-09-25) 
To summarize this approach, by utilizing predicted BC concentrations generated from 
remaining work discussed in Chapter 5, block kriging will be performed in order to generate 
regional estimates that will act as the response variable. Multiple satellite data resources will 
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be used as covariates, along with other variables such as meteorological data, in an inference 
regression model to assess the ability to ascertain BC ground-level outdoor data. Finally, 
upon development of this regression model, covariates deemed significant predictors will be 
used to develop an emission inventory of ambient ground-level BC across the IGP region. 
Some limitations of this aim include some satellites (such as MODIS) inability to see 
through clouds. This is one of the reasons why the monsoon season was excluded during 
sampling discussed in Chapter 5. Another limitation may be the ability to parse out brown 
carbon through satellite imagery analysis, as brown carbon absorbs in the near UV range, 
which is below the 400nm lower limit. One approach could be to estimate the amount of 
brown carbon based upon estimating the ratio found between brown and black carbon using 
the optical analysis technique11 from the field sampling campaign. However, other 
approaches will also be explored to address this issue as research progresses. 
 
Evaluating Satellite Imagery Regression Model Performance Beyond Existing Study Site 
 In order to properly assess whether the regression model developed in this objective is 
accurately predicting BC or PM2.5 concentration, additional field data will be collected from 
two VDC’s outside of the current parent cookstove intervention trial. Since there are no 
indoor PM measurements in the non-intervened VDCs, a single day of indoor sampling will 
be conducted per household using the same methods as in the parent intervention study12. 
Sampling equipment, personnel, and other resources deemed necessary, will be utilized from 
Johns Hopkins in order to conduct this additional data collection pending reception of 
appropriate funding. Ultimately, 60% of the homes within these VDC’s will be sampled, 
which is consistent with the percentage of homes involved in the current cookstove trial. 
Furthermore, outdoor air sampling will also be conducted across these VDC’s using the 
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same methods outlined in Chapter 5. Other covariates will also be recorded that are thought 
to affect concentration of outdoor BC, which may include distance to major roads/point 
sources and meteorological patterns. Similar statistical analysis will be performed, utilizing 
approaches from Chapter 5 and Objective 1. 
 In addition to assessing model performance, this aspect of Objective 1 will allow for 
contrasting spatial distribution of BC in non-intervened VDCs with those in the current 
cookstove trial where 60% of the homes have an intervention stove. Two approaches will be 
utilized to estimate the impact of stove intervention of ambient BC. The first approach will 
be a comparison of the spatially modeled BC in the intervened and non-intervened VDCs. 
Differences across a VDC and within villages can be used to estimate the spatially averaged 
impact of the intervention. Alternately, modeling the intervention impact by using the pre-
intervention indoor PM concentration data to estimate exfiltration using techniques 
discussed in Chapter 3 can also be performed. 
 
Objective 1 Summary 
 Objective 1 will yield a regression model capable of using satellite imagery, along with 
other covariates such as land cover or meteorological information, to predict ambient 
ground-level BC or PM2.5. The development of this model will allow for the utilization of 
satellite imagery across the entire IGP region to create an emission inventory for these 




Objective 2: Estimate transport of black carbon from the IGP to glaciated regions of 
the Himalayas using methods that are descriptive (remote sensing) and predictive 
(physically-based climate models). 
The spatially adjusted estimates of outdoor PM and BC generated under Objective 1 are 
highly relevant to problems of air quality and climate. From an air quality perspective, 
cookstove generated PM that remains near the surface represent a potential health threat at 
village scale. For climate, airborne PM and BC can lead to local warming or cooling, 
depending on their chemical characteristics and on interactions with cloud formation, and 
those aerosols deposited in snow covered regions can act to accelerate the melting process. 
This deposition related climate influence is of particular concern in glaciated regions, like the 
Himalayas, where large volumes of aerosols transported from neighboring lowland regions 
may be accelerating glacier retreat, causing changes in the hydrological cycle and positive 
feedbacks on alpine warming. 
Connecting near-surface estimates of PM and BC concentrations in the source region to 
regional concentrations and subsequent export to neighboring mountains is not a problem 
to be taken lightly. Boundary layer stability, localized convection, topographically driven 
flows, and chemical and radiative processes all 
influence aerosol concentrations and transport, 
and failure to resolve these phenomena in an 
atmospheric model can bias simulation of 
aerosol processes. This objective proposes to 
overcome these challenges by implementing the 
newly developed NASA Unified Weather 




Research and Forecasting (NU-WRF) model13 for extended simulations over a domain that 
includes the IGP and Himalayan mountains, as well as neighboring regions relevant to the 
synoptic scale circulations. The NU-WRF modeling system combines WRF14, NCAR’s state 
of the art regional climate model, with the Goddard Chemistry Aerosol Radiation and 
Transport (GOCART)15 model, the NASA Land Information System16, the Goddard 
Satellite Data Simulator Unit (G-SDSU)17 and other NASA assimilation and modeling 
systems. NU-WRF has been applied to studies of aerosol chemistry18 and land-atmosphere 
interactions19, and is under continued development at NASA Goddard Space Flight Center.  
In this application, NU-WRF will be implemented with two domains: an outer domain at 
12km resolution that uses 50km NASA Modern Era Retrospective Analysis for Research 
and Applications (MERRA)20 fields for lateral boundary conditions and a 4km resolution 
inner domain that will include GOCART chemistry (Figure 1). Both domains will use the 
Goddard long wave and shortwave radiation schemes, the YSU planetary boundary layer 
parameterization21, and Noah Land Surface Model implemented within LIS16. Additional 
nesting to 1.3km will be considered for select areas or periods of interest. Two week NU-
WRF simulations will be performed in each season and for two contrasting synoptic 
atmospheric conditions, for a total of 16 weeks of simulation time with active chemistry. 
This simulation plan is designed to provide explicit resolution of convective processes in the 
inner domain, to include moderately high resolution (12km) of surrounding topography and 
coastlines, and to capture a range of representative weather conditions. In adopting this 
approach, the goal is to establish a modeling system that can provide credible simulation of 
PM processes in the IGP/Himalaya region under diverse atmospheric conditions and to 
compare the inventory/simulation method to other published methods. Time allowing, 
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simulations can be extended to generate full seasonal or annual estimates of PM 
concentrations and transport. 
NU-WRF simulations will be evaluated using a suite of conventional and satellite 
observations. Conventional data will include WMO-reporting meteorological stations as well 
as additional stations in the IGP. Satellite data to be used as points of comparison against the 
simulation may include products generated by MODIS22, CloudSat23, and CALIPSO24. In 
order to further evaluate satellite data, G-SDSU will be employed to provide inverse 
modeled estimates of satellite retrievals, ensuring a physically consistent comparison between 
satellite measurements and NU-WRF simulated fields. It should be noted that the intention 
is to treat WRF simulations and satellite-derived data as independent methodologies to 
constrain estimates of BC and PM2.5 loading.  
While some previous studies have addressed the question of aerosol transport to the 
Himalayas25–28, no previous work was found that has combined field derived indoor-outdoor 
model based transport estimates with a high resolution regional climate model that includes 
atmospheric chemistry, or that has used satellite data simulation as a tool for evaluating 
modeled aerosol concentrations in data sparse regions. Each aspect of this approach is 
critical for appropriate simulation of PM processes in this topographically and climatically 
complex part of the world. 
With regards to overall modeling uncertainty, it is recognized that the research flow 
depends on a statistical regression model at each stage, results of which each carry 
uncertainty. This uncertainty can be propagated through the research using tools of Monte 
Carlo simulation and conditional simulation. In the spatial setting, conditional simulation 
techniques9 are often used to propagate uncertainty when spatial prediction results are used 
on input covariates to a second stage regression, which matches the approach in Objective 
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1. Spatial and non-spatial versions of these simulation techniques will be explored as an 
option for propagating uncertainty through the outlined research objectives. 
 
Objective 2 Summary 
 Objective 2 will aim to utilize the satellite emission inventory of BC and PM2.5 generated 
from Objective 1 to run regional climate simulations in order to study the transport of these 
agents from the IGP, considered to be the source region, to the Himalayas which are 
considered a climate sensitive zone due to the amount of glaciers and snow pack present in 
the region. 
 
Objective 3: Project the regional impact on health and economic indicators based on 
direct evidence from cookstove related interventions. 
There are numerous policy implications that can be better understood based upon the 
analyses conducted from the previous objectives. Of particular interest is the associated 
health and economic impact that would be derived based upon implementing various 
mitigation options that would alter the levels of BC and PM2.5 in the IGP region. 
Implementing mitigation options targeted towards reduction of BC sources would have an 
automatic co-benefit of improving climate and health on a variety of scales29. Conversely, 
understanding interventions negative interactions that may take place upon climate and 
health, such as implementing chimneys on stoves to increase ventilation to the outdoors thus 
leading to more BC export but a reduction in indoor PM, are equally important to quantify 
in order to properly understand the trade-offs involved with such measures. With increasing 
investment occurring towards mitigation of BC, understanding the impact associated with 
such interventions is becoming increasingly critical in order to maximize and properly 
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allocate all resources. Analyses from Objective 1 and 2 will provide for robust BC and PM2.5 
estimates across the IGP with transport to the Himalayas, thus setting the stage to assess 
these agents impact to climate and associated economic and health effects from glacier loss 
and hydrological cycle alteration. Furthermore, understanding the impacts from glacier melt 
is important, especially within the context of assessing the value of clean cookstoves and 
how they contribute to the overarching goal of protecting the Himalayan glaciers. However, 
although altering PM2.5 and BC levels have a climate impact and studies have been done to 
better understand the short and long-term effects of doing so30,31, it is vital to frame the 
importance of reduction of these aerosols to local health and economic impacts within the 
IGP so that policy makers may better understand the implications of such measures in less 
abstract terms. 
In order to develop proper policy recommendations, a more comprehensive 
understanding must be developed with regards to understanding the health and economic 
impacts associated with PM2.5 levels in the IGP region. A tool to conduct this kind of 
assessment is the use of the Environmental Benefits Mapping and Analysis Program 
(BenMAP; Abt Associates Inc., Bethesda, MD)32. BenMAP is a software, used in 
international settings, that assesses the impact of changes to air quality to population level 
health and economic outcomes32,33. Typically, epidemiological data is used to develop 
concentration-response functions that are capable of quantifying the associations between 
pollutant exposures and the incremental changes in adverse health outcomes based upon the 
exposure difference33,34. Additional inputs to the BenMAP software necessary to perform 
health and economic assessment are population census and growth projection data, air 
quality modeling and monitoring data, and valuation functions for economic impact 
assessment related to changes in morbidity and mortality34,35.  
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Current work related to health impact assessment from cookstove generated emissions 
to outdoor air in the IGP is limited to estimations from stove and fuel usage and subsequent 
projections to outdoor air concentrations36. This approach is novel because of the utilization 
of an inventory generated from the basis of satellite imagery and regional climate modeling 
trained on actual ground based measurements (Objective 1 and 2) in order to assess 
associated health and economic impacts in this region of the world. The goal is to use the 
emission inventory generated from Objective 1 and 2 in order to assess immediate impacts 
to the health and economic burden based upon the evaluation of various interventions in 
stove type being introduced and the incremental changes in the outcomes sought. Utilization 
of this method to assess immediate benefits to air pollution reduction using inventory data 
have previously been conducted with other pollutants37. In addition to using the emission 
inventory, further evaluation will occur of various concentration-response functions for 
health-associated impacts, valuation functions for economic impacts, and population census 
data from the countries of interest within the IGP region. Furthermore, developing health 
related risk functions will be investigated based upon the findings from the parent cookstove 
trial currently underway via its assessment of health burden tied to traditional stoves against 
intervention stoves. 
Working in partnership with the partner institution NGO, Nepal Nutrition intervention 
Project Sarlahi, and utilizing the contacts with government, other NGO’s based in the IGP 
and academic institutions, these findings will be communicated in order to increase 
awareness of the need for further investment into reducing PM levels and the need for 




Objective 3 Summary 
Objective 3 will utilize the emission inventory and regional transport model developed in 
Objective 1 and 2 to develop health and economic impact assessments in the IGP region. 
These assessments will be developed via the use of BenMAP software and will subsequently 
be communicated to other relevant institutions and organizations through the form of 
publications, conferences, and presentations. 
 
Expected Results 
If successful, this project will provide detailed regional estimates of cookstove related 
household BC emissions. This will be a unique dataset that can be used for a wide variety of 
air pollution health or climate change studies. While housing styles and cooking practices are 
not uniform across the world, the scenarios modeled in this study will have regional 
relevance across the IGP. The IGP includes northern and eastern India, the most populous 
parts of Pakistan, parts of southern Nepal, and almost all of Bangladesh. If successful, this 
study will provide a model that can be applied to other areas of the world.  
Results of this study will be relevant to policy decisions about cookstove interventions 
that result in improved indoor air quality by increasing outdoor air pollution. Reductions in 
risk associated with lowering indoor air pollution may be offset by increases in ambient air 
pollution. An assessment of changes in BC associated with the implementation of an 
improved cookstove with a chimney designed to reduce indoor air pollution will also be 
provided. The use of satellite imagery trained to a “ground truth” based upon household and 
spatial modeling (discussed in Chapter 5) should reduce uncertainties associated with 
estimating cookstove related BC emissions and as a result improve climate change modeling. 
Furthermore, by estimating the impact of an ongoing intervention on local and regional 
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ambient BC, this study will also be in the position to conduct health and economic impact 
assessments for the IGP region. 
 
Summary 
The purpose of this project is to build upon existing work that will provide robust 
estimates and model transport of BC emissions from biomass cooking on a local and 
regional scale in the IGP, and estimate changes associated with health and economic 
outcomes related to the changing of emissions associated with the introduction of future 
interventions. If successful, this project will reduce the uncertainty with respect to 
cookstove biomass combustion on local and regional BC emissions by using spatial 
models that will provide a “ground truth” for satellite remote sensing. Finally, estimates 
will be developed with regards to the impact upon health and economic outcomes based 
upon examining incremental changes associated with interventions designed to improve 
air quality across the IGP region. This information is needed to fully asses the impact of 
cookstove interventions on both health and climate change and how to best develop 
policies that will allocate resources to address this problem in the most effective manner. 
Figure 2 outlines the proposed work. 
 




















































Summary of Findings 
 This dissertation furthers the body of knowledge in the field of exposure assessment and 
climate change emissions as a result of cooking with biomass fuels in village homes. 
Specifically, research was conducted into cooking with biomass fuels and the role traditional 
and alternative cooking methods play in emitting black carbon emissions to the environment.     
 Chapter 2 explored a range of humidity and gravimetric equivalency adjustment 
approaches as it relates to use of a nephelometric device, the pDR-1000, to measure 
particulate matter emissions created by the use of cooking with biomass fuels. Providing an 
approach to determine humidity corrected gravimetric equivalent PM2.5 concentrations will 
allow for systematic comparisons of exposure-response relationships in health studies using 
the pDR-1000. Traditionally, quality control adjustments to the pDR-1000 involve a two-
step approach adjusting for relative humidity (RH) above 60%, followed by applying a linear 
relationship to ascertain the PM2.5 gravimetric equivalent. This research found that for 
adjustments related to relative humidity, an overestimation bias exists at the 75% RH value 
and that an underestimation bias exists at low RH (<30%). Therefore, we proposed utilizing 
humidity adjustment equations that encompassed the entire RH range. In regards to 
gravimetric equivalency conversion, our study found that new proposed linear gravimetric 
conversion equations with log transformed variables and either a spline or quadratic term 
demonstrated a better fit. PM concentration measured in our study during biomass burning 
ranged from ~600 μg/m3 to ~66,000 μg/m3, which was much broader relative to other 
published studies. This wide range of concentration is believed to be the reason why the new 
proposed linear gravimetric methods had a better fit. Furthermore, an integrated conversion 
equation was proposed, allowing for humidity adjustment and gravimetric conversion in one 
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step. This integrated method is preferred because it only involves one response variable 
(gravimetric PM2.5 concentration), avoids overfitting, encompasses the entire RH range, and 
is relatively quick and straightforward. This study had many strengths, including 
measurement of PM caused by biomass burning in real-world homes in rural Nepal as well 
as accounting for PM over a very broad concentration range not seen in previous studies. 
 Chapter 3 focused on developing PM exfiltration estimates for traditional, open-design 
cookstoves. Little is known about air exchanges and pollution exfiltration from homes 
utilizing traditional stoves in low and middle-income countries. For health or climate change 
studies reliant upon knowing cookstoves impact to outdoor air quality, the source of 
concern is the house and stove together. Current stove-based emission factors do not 
provide for a direct estimate of the amount of pollution exfiltrating from the house. The 
house, to some extent, acts as a barrier to pollutants leaving or entering the house. A fraction 
of PM produced during cooking events will settle and deposit on surfaces indoors, including 
the roof or cracks within the walls of the house. Remaining PM will escape to the exterior 
environment either via direct (chimney) or indirect (window/doors and cracks) ventilation. 
The use of traditional, open-design cookstoves resulted in an average PM exfiltration 
fraction due to indirect ventilation of 26% (ranging from 6% to 58%). This value represents 
a significant departure from previously cited estimates that are based on theoretical 
calculations. Furthermore, this research found that window/door status was a significant 
predictor of PM exfiltration, while fuel type was not. Two additional components were 
examined as a part of this study. One component was an analysis on whether air exchange 
rates measured held true to the assumption of perfect mixing. Typical ventilation studies 
often assume that instantaneous (perfect) mixing occurs throughout the room when a 
pollutant is released. In order to test if the assumption of perfect mixing could be made, a 
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small study examined the impact artificial mixing had upon air exchange rates within a mock 
house at the field site in Nepal. Our findings indicated no statistically significant difference 
between air exchange rates measured under artificial mixing vs. no mixing, allowing us to 
assume that perfect mixing was taking place in village homes within Nepal. We also 
determined the fraction of PM2.5 that was comprised of black carbon during simulated 
cooking periods. The average ratio of black carbon to PM2.5 measured was 37%, which was 
reflective of what has been found in similar studies. To our knowledge, the approach utilized 
to determine PM exfiltration in this low resource, field-based setting has never been done 
before. Many strengths were associated with this study including presenting field-based 
estimates for air exchange and PM exfiltration in village homes in rural Nepal, as well as 
assessing variability of exfiltration fraction across multiple fuel types and window/door 
status in a real-world setting. 
 Chapter 4 built upon research conducted in Chapter 3 by focusing on providing PM 
exfiltration estimates for alternative stoves. These stoves often employ a chimney to redirect 
pollutants to the exterior environment. This direct form of ventilation only accounts for 
some of the PM exiting the home. Additional PM still exfiltrates via indirect ventilation and 
both routes of exfiltration, direct and indirect, must be accounted for when assessing how 
much PM exfiltrates when using alternative stoves that utilize a chimney. Alternative stoves 
from this study are being used in the parent, cookstove trial in Nepal. They include the 
Envirofit Stove Original Model (G3300/G3355) with chimney, Manufacturer Altered 
Envirofit Stove with chimney, NNIPS Altered Envirofit Stove with chimney, and a locally 
constructed Improved Mud Brick Stove with chimney. The use of alternative stoves in a 
village-like home resulted in a higher overall average exfiltration percentage due to direct and 
indirect ventilation. Also, a large contrast in overall exfiltration percentage was found 
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between the traditional stove and alternative stoves. This further underscores the need for a 
better understanding of what the climate benefits may be from implementing such options 
on a large scale. The primary strength of the work presented in this chapter was that field-
based measurements assessing exfiltration across window/door status and fuel type were 
taken in a village-like home in rural Nepal. 
 Chapter 5 presented ongoing work separated into three main stages. Current work 
involves the creation of exposure maps that will characterize spatial distribution of PM2.5 and 
BC over during cooking and background periods across the four cookstove VDC areas in 
the parent trial. Ambient PM2.5 data has been collected across the VDCs with preliminary 
results showing minimal spatial dependence. However, further analysis is needed to assess 
spatial dependence between high-density housing areas and more rural areas within the 
VDC’s. Future work involves the development of a spatial model that will allow for the 
assessment of indoor to outdoor cookstove emissions. Prediction of BC at unsampled 




The research presented in this dissertation had several limitations. The quality control 
adjustment equations presented in Chapter 2 are applicable for a very broad PM 
concentration range (~600 μg/m3 to ~66,000 μg/m3). However, further research is required 
to assess how the relationships for humidity and gravimetric adjustment may change at 
concentrations below 600 μg/m3. Furthermore, we presented several approaches for 
combined quality control adjustment. Our choice for which specific equation to use was 
based on our data set. A limitation to this paper is that readers should assess their own data 
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in order to choose the combined quality control method that works best for them utilizing 
the approach presented in the paper. Chapters 3 and 4 had several limitations with regards to 
the simulated cooking test protocol. Data such as burn rate, air-fuel ratio, flame turbulence, 
and combustion temperature were not measured. Changes that might be due to combustion 
efficiencies were not taken into account for the alternative stoves. Mixing factor analysis was 
limited by a small sample size and the assessment was conducted in a mock house at the field 
site and should be expanded to real homes along with an increased sample size. With regards 
to evaluation of indoor black carbon from integrated PM2.5 measurements, oversaturation of 
a majority of filters occurred, thus highlighting a key limitation to the methodology used to 
measure black carbon. In addition, all data collected for black carbon analysis was conducted 
utilizing a simulated cooking event (water boil test) and further assessment is needed over 
the course of actual cooking events.  
 
Environmental and Public Health Implications 
Inhabitants of the Indo-Gangetic Plain region are reliant upon a stable hydrological cycle 
and annual glacier and snow pack melt as a source of fresh water. In addition to greenhouse 
gas emissions, black carbon is playing a dominant role in potentially destabilizing the climate 
in this region and threatening the livelihoods of nearly 1 billion people. However, large 
uncertainty in black carbon emission inventories within the Indo-Gangetic Plain region 
exists and further research is needed in order to decrease variability of existing climate 
change models reliant upon these inventories.  
This dissertation provides a comprehensive assessment of the black carbon contribution 
generated by traditional, open-design cookstoves as well as alternative stoves at the 
household level in an area within the Indo-Gangetic Plain. Understanding the contribution 
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that traditional and alternative cookstoves play in the production of black carbon is critical to 
developing a better understanding of how cookstove emissions contribute to regional 
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The following abstract represents work that I contributed towards outside of my immediate 
research during the course of pursuing my doctorate. 
  
Title: Performance of Alternative Cookstoves in a Home-Like Setting in Rural Nepal. (In 
preparation) 
Authors: Ojo, Kristen, Scrafford, Carolyn, Sutyajeet I. Soneja, Khatry, Subarna K., LeClerq, 
Steven C., Checkley, William, Katz, Joanne, Tielsch, James M.  
 
Abstract 
Alternative cookstoves are designed to improve efficiency of burning biomass fuels. The 
Nepal Cookstove Trial (NCT) studies the effect of alternative cookstoves on family health. 
Our study measured indoor particulate matter (PM) concentration, boiling time, and fuel use 
of cookstoves during a water boil test in a house-like setting in rural Nepal. Study I was 
designed to select a stove for NCT; Study II evaluated stoves being used in NCT. In Study I, 
mean PM using wood fuel was 7033 μg/m3, 2630 μg/m3, and 4144 μg/m3 for the traditional, 
alternative mud brick stove (AMBS) and Envirofit G-Series, respectively. Alternative stoves 
reduced PM concentration but increased boiling time compared to the traditional stove (p-
values<0.001). Unlike AMBS, Envirofit G-series did not significantly increase fuel 
consumption. In Phase II, the manufacturer altered Envirofit stove (MAES) and the NNIPS 
altered Envirofit stove (NAES), produced lower mean PM, 1778 μg/m3 and 1405 μg/m3, 
respectively, relative to AMBS 3466 μg/m3 for wood tests with open door/window. The 
liquid propane gas stove (open door/window) gave mean PM of 318 μg/m3. AMBS did not 
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require more fuel than the Envirofit stoves. Results from Study I and II showed a significant 
reduction in PM for all alternative stoves in a controlled setting. Boiling times for most 
stoves differed significantly from their comparison stove, but the difference in fuel use was 
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